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WSEIAC CHARTER

In order that this report of Task Group Il may be studied in context with
the entire committee effort, the purpose and task group objectives as stated
in the WSEIAC Chartexr are listed below:

Purpose

The purpose of the Weapon System Effectiveness Industry Advisory
Committee is to provide technical guidance and assistance to AFSC in the
development of a technique to apprise managemert of current and predicted

weapon system effectiveness at all phases of weapon system life.

Task Group Objectives o

Task Group I - Review present procedures being used to establish system

effectiveness requirements and recommend a method for arriving at require-

ments that are mission responsive.

Task Group Il - Review existing documents and recommend uniform methods

and procedures to be anplied in predicting and measuring systems effective-
p 2P P g g sy

ness during all phases of a weapon system prograna.

Task Group IIl - Revier ‘ormat and engineering data content of existing
system effectiveness reports and recommend uniform procedures for
periodically reporting weapon system status to assist all levels of manage-

ment in arriving at program decisions.

Task Group IV - Develop a basic set of instructions and procedures for

conducting an analysis for system optimization considering effectiveness,

time schedules, and funding.

Task Group V - Review current policies and procedures of other Air Force

commands and develop a framework for standardizing management visibility

procedures throughout all Air Force commands.
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ABSTRACT

~ This Technical Supplement is concerned primarily with four examples of
effe—ctiv.ene‘ss-evaluations. The s.rys.‘tems involved are: The avionics system
in a tactical fighter -bomber (Example A); a squadron of intercontinental
ballistic missiles (Example B); a fired radar surveillance and threat
evaluation system (Example C); and, a spacecraft system (Example D).

In addition to the variety of system types included, an attempt has been
made to illustrate procedures employed at different phases of development.
The evaluation of the Avionics system takes place during Program
Definition; the ICBM squadron, during Operation; the Radar system, during
Definition and Operation; and, the Spacecraft, during Acquisition. Since
evaluation during the Conceptual phase will generally be based on a gross
comparison with existing, similar systems, it was not felt that an example
of such an analysis was necessary. Further, each example is intended to
illustrate to a different level of detail, vdrious aspects of tl - evaluation.
The avionics system example, for instance, shows the possibility of com-
bining independent evaluations of several subsystems. The radar example
shows simplifications which can be made in order to minimize the number of
system states to be considered. Ir the ICBM example, illustrations of mary
of the detailed procedures required to evaluate components of the vectors
and matrices are shown. Finally, the spacecraft example addresses itself
to techniques for determining elements of the Dependability matrix. It is
stressed, however, that these examples do not purport to illustrate all
possible methods of application and use of the evaluation procedures.
Rather they are intended to show some methods for applying the concepts,
areas of flexibility in their application, and some uses which might be made

of the evaluations.




TABLE OF CONTENTS

Page
FOREWORD . iii
ABSTRACT vi
ILLUSTRATIONS AND TABLES (SEE EXAMPLES)
SECTIONI - INTRODUCTION . . .. .. .. ... 5 0o o b 0 0 0 0 O 1
SECTION II - EXAMPLES OF SYSTEM EFFECTIVENESS
EVALUATION .. .. . .. 5 o o o o 0 00 oo 0 O e 4
EXAMPLE A - AIRBORNE AVIONICS SYSTEM . . . . .. . ... 5
EXAMPLE B - INTERCONTINENTAL BALLISTIC MISSILE
SQUADRON . . . . . . . . . .« .. 5 0 0 000 0 0 O 58
EXAMPLE C - RADAR SURVEILLANCE SYSTEM . .. . . . .. 233
EXAMPLE D - SPACECRAFT SYSTEM DEPENDABILITY . . . . 281
APPENDIXES (SUPPLEMENTARY TECHNICAL DOCUMENTS)
I. A Model Framework for System Effectiveness . . . . . . . . 352
II. Concepts and Models of System Effectiveness . . . . . . .. 373

BIBLIOGRAPHY . . . . .. .. e e e e e e e e e e e e 415

vii




SECTION 1

INTRODUCTION

Resumé of Task Group II Effort

In Volume II of the final report of Task Croup II, Weapon System
Effectiveness Industry Advisory Committee, a discussion of the concept of
System Effectiveness was presented. In addition, a mathematical model to
facilitate the evaluation of Effectiveness was proposed; the tasks to be
accomplished in using the model were delineated and discussed; and a
tutorial example showing the application of the procedures to a radar

system was presented.

It was appreciated by members of Task Group II that Effectiveness
evaluation for large weapon systems is a complex task, subject to many
variations in detailed procedures depending upon the system type, available
information/data. z..d the stage of development. In order to provide a pre;
liminary analysis of the utility of the methods propc ied, Task Group II
applied the procedures in evaluating the Effectivencss of several hypothe-
tical systems. While these exercises cannot be considered to have raised
and answered all questions that will occur during actual evaluations, they do

suggest some areas of difficulty and types of solutions applicable.

Aside from providing a preliminary evaluation of the proposed proce-
dures, it was felt that presentation of these examples would provide the
reader with additional comment on the application of the techniques. For

this reason, they are discussed at some leng.h in SECTION II of this
Technical Supplement.

In addition to the examples, this supplement also contains two technical

papers not generally available, yet of interest to personnel concerned with
Effectiveness evaluation. These papers cc - -ise the twu appendixes tothis

supplement.

Finally, a tabulation of data sources which may be employed in the
analysis of System Effec.iveness is included as a BIBLIOGRAPHY.

The following paragraphs present an analytical framework common to



the treatment of the four exampies.

Mathematical Framework

The specific, basic, analytical model proposed by Task Group II in its

symbolic form is

where
E = System Effectiveness, is a ,measure of the extent to which a system
may be expected to achieve a set of specific mission requirements
and is a function of availability, dependability, and capability.
1
A = Availability, is a measure of the system condition at the start of a
mission and is a function of the relationships among hardware,
personnel, and procedures.

D1= Dependability, is a quantitative measure of the system conrdition at
one or more points during the mission, given the system con-
dition(s) at the start of the mission, and may be stated as the
probability (or probabilities or other suitable mission oriented
measure) that the system will enter and/or occupy any one of its
significant states during a specified mission.

C = Capability, is a measure of the ability of a system to achieve the
mission objectives, given the system condition(s) during the
mission, and specifically accounts for the performance spectrum
of a system.

This basic framework is not intended to be restrictive. This point is
illustrated in the radar, detection and tracking example of Volume II where

the following variations on the basic model are illustrated:

E, = A C(0)
E, = A [c0) Dp(30) T30)
E3 = _}i?: Y

E,

In the first variation, the system effectiveness (El) is defined to be the pro-
bability that the radar will adequately perform initial detection of the target.
In this cane the dependability matrix reduces to unity since ""mission
duration' is measured from the point of initial detection, and T applies to

detection capability only (denoted by C(0). In the second variation,

2




the system effectiveness (EZ) is defined to be the probability of initial
detection and track for a period of thirty minutes. In this case the

..____*,_gl_gnm_g__r;t__s____gf_tbﬂq_‘gh_etggg:_tirqg_l capability vector T(0) become the elements of a

capability matrix C [C(O)-] The original availability vector is_e;;md this new
capability matrix C [C(O-);! are now rhultiplicatively combined with a depend-
ability matrix [D(30)] ar:d a new capability vector C(0) which express the
tracking capability of the radar for a period of thirty minutes, In the final
variation; the system effectiveness (E3) is defined to be the probability of
successful track; given initial detection. This conditional measure is the

ratio of the two previously treated variations,

The intended flexibility of approach is further illustrated in the avionics
example, which is Example A of this Teéchnical Supplement, where the

following series of effectiveness measures are illustrated,

gl - % [D] cd)
) j i
i) - 11(1 gl
J=1 )

E =,z PE

h

The first measure E(l) treats the effectiveness of the jt system function or

subsystem in the ith mode of operation in terms of the basic analytical

model. The system effectiveness in the ith mode of operation (E(l)) is then

treated as the continued product of the E§1) over the k subsystems (or

functions) that collectively define the avionics system. Finally, the net

effectiveness of the entire avionics system (E) is the sum of the effectiveness

of the system in each of its modes of operation E(l) multiplied by the
probability Pi of utilizing that mode of system operation, wvhere m is the

number of modes of operation.

The common elements in these variations are availability, dependability,

and capability. The precise manner in which they ¢ >mbine depends wholly

upon the specific definition of system effectiveness which is to be considered.




SECTION II

EXAMPLES OF SYSTEM EFFECTIVENESS EVALUATION

This section consists of four examples of effectiveness evaluation.

The examples relate to the following systems:

Example A - the avionics system in a tactical fighter -bomber
Example B - a squadron of intercontinental ballistic missiles
Example C - a fixed radar surveillance ard threat evaluation system

Example D - a spacecraft system

As stated previously in the Abstract, each example illustrates, to a

different level of detail, various aspects of the evaluation.

-

The examples do not presume to illustrate all possible methods of
application and use of the evaluation procedures. It is the intent of the
examples, however, to show some methods for applying the concepts, areas
of flexibility in their application, and some uses which could be made of the

evaluations.




EXAMPLE A

AIRBORNE AVIONICS SYSTEM
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¢ INTRODUCTION AND SUMMARY

This example shows the application of the expression

4

E = &|D|C
to the avionics system of a tactical fighter-bomber aircraft.
The evaluation proceeds bty performing the analyses outlined

in the eight-step task analysis, VOLUME IIL.

The evaluation is made in this exaﬁple by determining
the Effectiveness of each of several functions of the
avionics system for each of three missicn types. These
figures are then combined to provide an indication of the

overall Effectiveness of the system.

A computer program was written for the model so that
parameter variation was feasible. Curves showing the
influences on Effectiveness of variations in basic reli-
ability and maintainability characteristics of the several
eguipments are shown. A relationship is also shown between
the required number of systems to provide assurance of

mission accomplishment and the effectiveness of the system.
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II. EFFECTIVENESS ESTIMATION

1.0 Mission Definition

t any random time when an execution order is received,
the aircraft shall take off immediately, receive a target
assignment, proceed to target area, deliver weapon within

500 feet of target, and return to assigned operating base.

2.0 System Description

2.1 General Configuration

-

The system being considered consists of three major
subsystems which are, where appropriate, sub-divided into
equipments.

a, Fire Control Subsystem

1. Radar (Search and Terrain Avoidance functions)
2. Toss-bomb Computer
3. Sight System
b. Doppler Navigator
The Doppler Navigator in this example is considered

to be a single equipment.




c. Communication-Identification-Navigation (CIN)

1 UHF directicon finder

2 Tacan

3. Instrument Landing System (ILS)

4, UHF transmitter-receiver

5. Identification equipment

6. Audio amplifier equipment

The equipments itemized are independent of each other, i.e.,
the condition of any equipment does not influence the con-

dition of any other.

2.1.1 Functions of Eguipments

The Fire Control Subsystem is employed in actual weapon
delivery. It provides a radar display of the target and com-
putation of weapon release point jn the toss-bombing mode.

It also provides, through the Sight System, the aiming point

for "lay-down" delivery.

In addition, the "terrain avoidance" feature of the radar
provides automatic control of the aircraft so that high speed,
low level target approaches are possibie. To simplify the
example, it will be assumed that the equipment required for
the terrain avoidance function is separate from that required

for the bombing function.

10




The Doppler Navigator provides the prime navigation
function by computing and displaying informaticn on both
present position and distance/heading to target. -Alternate
navigation procedures are provided by the Tacan and the UHF
Direction Finder. Each of these, however, requires ground
station facilities. If ground station transmitters are avail-
able, operating and within range, the Tacan provides distance
and bearing information, while the Direction Finder provides

bearing data only.

The Instrument Landing System (ILS) provides the ability
to land the aircraft under ceiling and visibility conditions

which would otherwise prevent landing.

The UHF transmitter-receiver is the only radio communica-
tion device, and is employed for all in-flight radio communi-
cation. For the mission being considered, the essential
comrunication function is that of receiving and acknowledging
target assignment information. The Audio Amplifier equipment
is employed with the UHF transmitter-receiver only, and may

be considered as a part of that equipment.

The Identification equipment (IFF) provides a coded
identification signal in response to an interrogation by
friendly forces. TFailure to provide the proper response can

result in attack by friendly forces.

11



2.2 Block Diagram

A general block diagram of the system is shown in
Figure 1. The essential functions to be performed are indicated
in the upper diagram, while the equipment(s) capable of per-

forming the functions are shown in the lower diagram.

2.3 Mission Profile

A time-line analysis of the mission being considered is
shown in Figure 2. The upper section shows the function(s)
being performed during various phases of the mission. The
lower section shows the times during the mission when the
functioning of each equipment is desired. Because the
demands upon the equipments vary with the type of bomb deliv-
ery, the requirements are shown for each of the three bomb
delivery modes, viz., visual lay-down (VL), visual toss (VT),

and blind toss (BT).

2.4 Delineation of Mission Outcomes

(A) Mission accomplished exactly as noted in (1.0)
(B) Mission not accomplished exactly as noted in (1.0)
(1) Aircraft does not proceed without delay.
(a) One or more subsystems known or thought
to be in such state that aircraft is not

launched.

12
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Time (Hours)

0.0 0,2 0[4 0.6 0[8 1[0 1,2
€W ROUTE TO TARGET AREA ||pENT 2% RETURN TO ASSIGNED BASE i
COMMUNICATE, NAVIGATE, IDENTIFYNTARGET]| % (NAVIGATE, IDENT;FY) Ny

Equipment

Radar

Toss Bomb Computer

Sight System

Doppler Navigator

Direction Finder
{DF)

Tacan

Communications
(UHF)

{dentifioacion
IFF)

Instrument Landing
System (ILS)

8

vT
BT

A58

35

vT
BT

235

ot

238 5

A58

Terrain avolid- Terrain avoid-
ance and bomb-\ >ance only
ing
—
] 1
—
] VL = Visual Laydown Mode
— VT = Visual Toss Mode
— BT = Blind Toas Mode
_ l ]

FIGURE 2
MISSION PROFILE AND F'MRIODS

DURING WHICH USE OF EACH FQUIPMENT IS DESIRED
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(2) Aircraft does not receive target assigiment.
(a) Failure or inadequacy of one or more
subsystems prevents receipl of target
assignment
(3) Aircraft does not deliver weapon within 500
feet of target.
(a) Aircraft does not reach target area.

(No weapon release.)

(a-1) Failure or inadequacy of one or
more subsystems prevents reaching
target area.

(b) Aircraft does not identify target.

(No weapon release.)

(p-1) Failure or inadequacy of one or
moré_subsystems prevents identifi-
cation of target.

(c¢) Aircraft does not place weapon within

\J

00 feet of target. (Release)
(c-1) Failure or inadequacy of one or
more subsystems results in inaccurate
delivery.
(4) Aircraft does not raturn to assigned operating
base.

(a) Aircraft lost.

15




(a-1) Failure or inadequacy of one
or more subsystems results in air-
craft loss.
(b) Aircraft returns to wrong base.
(b-1) Failure or inadequacy of one or
more subsystems prevents return

to assigned base.

3.0 Specification of Figures-of-Merit

For this specific mission requirement, the major figure-
of-merit is the probability that the mission, as defined, will
be accomplished.

Accomplishment of the mission, however, depends upon the
successful performance of several individual functions. Follow-
ing take-off, the required functions are:

a. Receipt and acknowledgement cf target assignment.

b. Navigation to a point not more than five miles from
target.

c. Proper identification when interrogated.
d. Penetration of enemy defenses.

e. Identification of target and weapon delivery within
500 feet of target.

f. Navigation to within 10 miles of assigned operating
base.

g. Landing.

16




The probability of accomplishing each of these functions
may also be regarded as an appropriate figure of merit of
interest to particular levels of management. For this reason,

each will be evaluated.

4,0 Identification of Accountable Factors

4,1 Tabulation of Factors

a. Overational conditions

Physical environment (climate)
Day vs. night conditions

Good (VFR) vs. bad (IFR) weather
Modes of weapon delivery

Enemy counteractions

Actions by friendly forces

b. Support situation

Ground operating equipment
Ground support equipment
Availabiliity and adequacy

Test equipment
Repair facilities

Maintenance personnel

Number and skill levels
Number of shifts

17




Spare parts and units

Availability
Repair philosophy

hodule vs. part replacement

4,2 Discussion of Factors

Climate: The evaluation is to be conducted for a semi-
tropical environment. The ground temperatures range from
70°-105°F, humidity between 60-100%. Atmospheric conditions

which result in improper radar function are anticipated 1% of

the time.

Visibility: Daylight conditions exist for 14 of the 24

hours per day, or for 58% of the time.

Bad weather (IFR) conditions exist, on the average, 20%

of the time, night or day.

Visibility conditions of such a nature that the Instru-
ment Landing System is essential to safe landing exist 5% of

the time.

Influc~ce of visibilify conditions on mode of weapon

delivery: The wegapon delivery mode depends upon both the
visibility conditions and the tactical requirement. Visual
modcs can be used only under daylight VFR conditions. The

tactical regquirements are such that ths lay-down mode will be

18
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preferred 80% of the time. (The decision concerning lay-

down or toss must be made prior to take-off, since a different
type weapon is required for each.) If toss-bombing is pre-
farred, the visual method will be selected whenever possible,

i.e., weather and daylight permitting.

Enemy Action: Enemy defensive action, i.e., the enemy's

ability to destroy intruding aircraft, is such that
1. 4 30% loss of aircraft is anticipated for aircraft
approaching at altitudes in excess of 1000 feet
at normal attack speed.
2. A 5% loss of aircraft is anticipated for aircraft
" approaching at altitudes of less than 1000 feet

at normal attack speed.

Friendly Action: Tfriendly defenses in the area are such

that 90% ol the aircraft entering the defense area are chal-
jenged. If electronic identification equipment in friendiy
aircraft coes not respond properly to a challenge, a 0.10
probability of destruction of the aircraft by friendly defense
exis%s. (This figure reflects the occasions when secondary
methods of identification,e.g., visual, prevent attack on

friendly aircraft.)

Availability of Ground Station Equipments:

Tacan: It is expected that a Tacan ground station will be

available, operating, and within range 50% of the time.

19




UHF Ground Station: It is expected that a UHF ground

station will be available, operating, and within range 40%

of the time.

Ground Support Equipment: Sufficient ground equipment

will be provided so that no delays in repair due to this
factor will occur. Further, test equipment and repair
facilities will be available and adequate to the degree that
the mean-down-times presented in a later section are antici-

pated.

Maintenance Personnel: The quantity of maintenance

personnel of various skill levels is such that the down-
times referred to above represent also the influence of this

factor.

Spare Parts/Units: All repairs to the avionics system

are tu be made through replacement of "flight-line replace-
able units". No in-shop maintenance is anticipated at this
echelon. Sufficient spare units will be provided tc prevent

logistic delays.

5.0 Model Construction

5.1 Delineation of System States

Only two states of each equipment, i.e., operative and
failed, are to be considered. It will be observed that if

all combinations of two states of each of ten equipments are .

20




considered, more than 1000 system states are defined. This

situation would obviously complicate the system evaluation.

In this case, however-—and in many actual cases--simpli-
ficaticns can be developed. It was noted in Paragraph 2.0
that all equipments.ére independent. For this reason, the
Effectiveness of each equipment could be determined individ-
ually and tne resulting figures combined to determine the
system effectiveness. Because of an interest in the effec-
tiveness of each major function, however, this procedure will
be applied at the "function" level rather than at the equip-
ment level., Therefore, the three navigation equipments will
teo treated gollectively, so that the eight possible combina-
tions of the three equipment states will be considered. Also,
the four combinations of the Radar and Toss-bomb Computer
states will be considered.

5.2 Operational Considerations and
Equipment Usage

In this analysis, two methods of weapon delivery (Toss

and Lay-down), and two basic environmental conditions (Day-

light or VFR, and Night or IFR) will be considered. However,
the Lay-down type delivery is only attempted during daylight
(VFR).
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No especlally sericus attempt has been made to
make tae example conpletely realistic. Conditions
ani raquirements have generally been selected to

demonstrate procedures to be employed.

~In Figure 2 were shown thre several mission components on

The wrobabilities of accomplishing the mission in each

of the three Situations will be evaluated. The cverall

. .
Effectiveness wil\l.then he determined by combining the three

figures, weighted\ii the protabilities of cccurrence of

each situation. \

- sxste};\.me_l

}ust express the probakility of success-

N

496 as & function of (..) the effec-

The system model

fully completing a miss

tiveness of the system fo each of the three dolivery modes,.




and (2) the probability of employing each delivery mode.

This can be represented by the following simple model:

i=1
where
E = System effectiveness
Ei = System effectiveness in Mode i
Pi = Probability of using Mode 1i.

The three values of Pi will be determined from consid-
eration of tactical requirements and operational conditions.
The values of Ei will be derived by combining the Effective-
ness figures for each mission function, e.g., navigation,
communication, in accordance with the requirement for each
function in the particular mission type. The individual
function effectiveness figures will be computed from the

proposed basic model:
E = A[D|C

Further description of the individual models will be
presented in Section 7.0.

6.0 Data Acquisition

Because this evaluation is being made during the Program

Definition phase, predictions of the several components of




Effectiveness will be required. Suitable prediction tech-

niques must, therefore, be specified.

While several methods for predicting reliability and main-
tainability are available, the procedures developed for the
Aeronautical Systems Division, AFSC, by ARINC Researchl/are

appropriate for this evaluation.

It is assumed that estimates of the basic capabilities
of the Qarious equipments have been made by individuals who
are expert in regard to specific equipment types. This is
a reasonable assumption, since it generally cannot be expected
that one individual will be sufficiently experienced in all -

areas to make such estimates independently.

7.0 Parameter Estimation

7.1 Basic Equipment Characteristics

The prime purpose of this example is to illustrate a
procedure for evaluation of Effectiveness. While the pre-

diction of the basic components of Effectiveness for any

1/ H. Balaban & A. Drummond, "Prediction of Field Reliability
for Airborne Electronic Systems", ARINC Research Publica-
tion No. 203-1-344, 31 December 1962.

G. Harrison, H. Leuba, & E. Schneider, "Maintainability
Prediction - Theoretical Basis and Practical Approach"
(Revised), ARINC Research Publication No. 267-02-6-420,
31 December 1963.
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equipment is certainly basic to the evaluation, a detailed

description of the application of reliability and maintain-
ability prediction techniques will not enhance this exampl=.
For further discussion of these procedures, the reader is *

referred to the list of references.

For the purposes of this example, assume that reliability

and maintainability predictions made in accordance with the
procedures specified resulted in the individual mean-times-
between-failures (t,) and the mean-down-time (t;) shown in
Table I. Further, the State Readiness figure, Vlyg/is
calculated from
e

1 te + t3
The probability that the equipment is not ready, i.e., is
in State O, is

VO =1 - V1
The basic Capability indices will be discussed in

Section T7.L4.

2/ The subscript notations "1" and "O" will be employed

throughout this example to indicate respectively, operative

stale and failed state. Where the individual states of
several equipments determine functional states, e.g.,

Navigation, an alphabetic and numeric subscript will be
employed. For example, the situation in which the Doppler
and the Direction Finder are each in State 1 and the Tacan
is in State O is identified as N3.



Reliability, Maintainability, and

TABLE 1

State Readiness Indices

Mean-time-
Equipment R Mi?ﬁéﬁ?‘gn_ i v
pment failure--t, (hours )% 1 0
(hours)

Radar

Bombing 32 6 0.842 0.158

Terrain .

Avoidance Lo 8 0.833 0.167
Toss-bomb a4

Computer (TBC) 20 4 0.833 | 0.167
Sight System 2CL 2 0.990 0.0190
Doppler 20 15 0.571 0.i429
Direction

Finder (DF) 100 2 | 0.980 0.020
Tacan 50 L 0.926 0.074
Instrument Land-

ing System 150 3 0.980 0.020

(ILS)
Communication

Equipment

(UHF & 70 2 0.972 0.028

Amplifier)
Identificati . -

Equipment (IFF) 100 3 0.971 Qo022
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7.2 Determination of Availability

In this example, two factors will be considered in

establishing the Availability vector.

V = The probability that an equipment (or group of

| equipments) is in a particular state of readiness,
and

W = The probtability that an aircraft will -be launched
with the equlipments in a«particular state of

readiness.

These two factorec will be discussed in the following

sections.

7.2.1 State Readiness

Except for the Navigation function and the Blind-Toss
Bomb function, the state readiness for each function is
defined by the state readiness of the equipment performing
that function. Therefore, with the two exceptions noted, the
state readiness figures, Vl’ are as shown in Table 1. The

exceptions are discussed below.

{a) Navigation Equipment

Considering two possible states of each of three naviga-
tional equipments results in eight (8) different states of

the overall navigational system. These are defined in Table II.
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TABLE II

Navigation System States

Navigational Doppler Tacan Direction
State State State Finder
Designation ~ = State
Ny 1 1 1
N2 1 1 0
1 0) 1
N3
Nu 0 1 1
V 0 0
h5 1
N6 0 1 0
0
N7 0 1
N8 0 0 0]

The Navigational state readiness figure may be deter-

mined by multiplying the probabilities that each of the

thee equipments will be in the prescribed state. For

examnle,

\'/

Ny, Vo(Doppler) - V,(Tacan) - v, (DF)

0.429 x 0.926 x 0.980
0.389.

The probability that the combined Doppler-Tacan-

Direction Finder group will be in each of the eight defined

states 1is:
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|

Number

VN, = (0.571)(0.926)(0.980)
YN, = (0.571)(0.926)(0.020)
VN3 = (0.571)(0.074)(0.980)
VN, = (0.429)(0.926)(0.980)
VN5 = (0.571)(0.074)(0.020)
VN6 -~ (0.429)(0.926) (0.020)
VN7 = (0.429)(0.074)(0.980)
VN8 = (0.429)(0.074)(0.020)

(v) Blind-Toss Bombing Equipment

0.518
0.011
0.041
0.389
0.001
0.008
0.031
0.001

As in the case of the navigational system, multiple

states exist for the Blind-Toss Bombing function.

pcssible states are defined in Table Il

TABLE III
Blind-Toss System States

Hotate Radar ot
Designation State

Bl 1 1

B2 1 0

B3 0 1

BM 0 0

29

The four




The probability that the combined Bombing Radar-Toss

Bomb Computer group will be in one of the four states is

State
Number
VB, = (0.842)(0.833) = 0.701
Y, = (0.842)(0.167) = 0.141
VB, = (0.158)(0.833) = 0.132
VB, = (0.158)(0.167) = 0.026

7.2.2 Probability of Launch

We shall now consider the fact that launch will not
always be precluded because a particular equipment is not
ready. Since in many cases, some bombing capability exists
even with inoperative equipments, the possibility of launch-
ing aircraft in degraded states should be considered.
Estimates of the probabilities of launch for various equip-

ment states are assumed to be as shown in Table IV.

7.3 Determination of Dependability

The next step in the evaluaticn procedure is to deter-
mine the state transition probabilities for each equipment

during the mission. Because ro in-flight repair is possible,
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TABLE IV
Probabilities of Launch
: ‘ Probability
Equipment State of Launch(W)
For A1l Missicn |
Type
Radar (Terrain 1 1.0
Avoidance) 0 .0
' ] . 1 1.0
Communications 0 0.0
. . 1 1.0
Identification 0 0.2
1 1.0
Landing System 0 0.95
Navigation Ny 1.0
N2 1.0
N3 1.0
NLI. O.;L
N5 0.8
N6 0.0
N7 0.0
N8 0.0
For Lay-dgyn
DeliverySJ
i 1 1.0
Sight System 0 0.8
For Visual Tos#ﬁf
Toss Bomb 1 Lo
Computer 0 0.7
For Blind Toss?/ By 1.0
B2 0-5
B 0.0
BR j 0.0

3/ Condition of Bombing Radar and Toss Bomb Computer not
significant.

L4 Condition of Bombing Radar and Sight Svstem not significant.

2/ Condition of Sight System not significant.
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no transition from State O to State 1 1s possible (R01=O).
For the same reason, an equipment which starts in State O
is certain to remain in that state during the flight

(Ryp=1.0). The remaining transition probabilities may be

determined from:

t /t
(a) Ry = e 5

where

t
m

mission time during which equipment will be
in operation, and

tf mean-time-between-failures.
(b) Rlo =1 - Rll

These probabilities are shown in Table V.

7.4 Determination of Capability

The remaining parameter to be determined is the Cap-

ability for each of the functional equipment groupings. The

capability figures will be discussed in the following for

each of these groupings.

a. Navigation Equipment

The aircraft must be able to navigate to within 5 miles

of the target by use of the Navigation equipment; from this

point, target identification can be accomplished by other
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TABLE V

Equipment Transition Probabilities

Mean-time-
Equipment between- Miiﬁéﬁfﬁn' R R
quip failures--t (hours)' ‘11 10
(hours)

Radar

Bombing 32 0.4 0.9876 | 0.0124

Terrain )

Aveidance Lo 0.4 0.9900 | 0.0100
Toss-bomb

Computer (TEC) 20 0.3 0.9851 | 0.0149
Sight System 200 0.2 0.999 0.001
Doppler 20 1.2 0.9418 | 0.0882
Direction o Jote

Finder (DF) 100 1.2 0.9881 | 0.0119
Tacan 50 1.2 0.9763 | 0.0237
Instrument Land-

ing System 150 0.3 C.998 0.002

(ILS)
Communication

Equipment

(UHF & 70 0.4 0.9943 | 0.0057

Amplifier)
Identification 100 1.2 0.9881 | 0.0119

Equipment (IFF)

[92)
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methods. On its return flight, it must be able to navigate
to within 10 miles of its assigned base. While the navi--
gatidh fuﬁction can be supplied by three different equip-
ments, the capability of each is different. The Doppler
has a basic capability (C) of 0.95; the Tacan, 0.9; and

the DF, 0.8. That is, the Doppler navigator can provide
the required accuracy with a probability of 0.95; the

Tacan, with 0.9 probability; and the DF with 0.8 probabiiity.

However, because the Tacan and DF depend upon external
signals from associated ground equipment, the probabilities
that these signals will be available must also be considered.
This can be most easily accomplished by modifying the equip-
ment Capabillity figures. While the Doppler can be used
at any time that it 1s operating properly, a Tacan ground
station will be available only 50% of the time, and a DF

ground station, only 40% of the time.

The actual capabilities for each equipment, then, are:

CDoppler = 0.95
Cracan = 0-9(0.5)

Cor 0.8(0.4)

0.45

0.32.
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Consideration must now be given to the overall Naviga-
tion Capability in each of the eight (8) states of the
navigation system. It is significant that the aircraft is
not committed to any particular state situation. That is,
if a state transition occurs, navigation in the resultant

state will be undertaken. The capabllities are shown in

Table VI.
TABLE VI
Navigation Equipment Cepabilities
—
Navigation Doppler Tacan DF State
State State State State ICapability
Nl 1 1 1 “ 0.95
N2 1 1 0 0.95
N3 1 0 1 0.95
Ny, 0 1 1 0.61
Ng 1 0 o I o.9¢
Ng 0 1 0 0.45
NT 0 0 1 0.32
N8 0 0 0 N 0

The capability of each state is usually the capability
of the operating equipment whose individual capability is
highest. In the case of State 4, however, the probabilities
that the ground stations for Tacan and DF will be available
must also be considered. The capability of State 4, then,
is:

0
My

{Probability that Tacan can be used} {Tacan capability}+
{Probability that only DF can be used}{DF capability}
(0.5)(0.9)+{1 - 0.5)(0.4)(0.8)

0.45 + C.16

0.61.

[
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b. Communication Egquipment

For this particular mission, the communicaticn function
is only required so that specific target assignment can be
made or changed after the a.rcraft has taken off. It will
be assumed for this example that specifiic assignments are

always made when the aircraft is in flight.

The communication function is supplied by the UHF
Transmitter-Receiver. A necessary accessory equipment is
the audlo amplifier. Assuming a properly cperating ground
station at the base, contact between the aircraft and the
base can be maintalned, under average environmental conditions,
for the first 1/3 and for the last 1/3 of the mission.
(During the remaining 1/3 of the mission the aircraft is not
within communication range of the ground station.) It is
estimated that in 90% of the cases specific target assign-
ments and changes will be made before the aircraft is out of

range. In the remaining 10%, an unsuccessful mission will

result.

It 1s estimated that environmental conditions and diffi-
culties with the ground station equipment will prevent
required communication 5% of the time when the aircraft is
within range of the base. These effects will be reflected

in the capability figure for the airborne system.
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The capability of the Communication System, then, is
expressed as the probability that target designation and/or

change is received and acknowledged by the aircraft.

C,, = (probability of successful communication,

g given the aircraft is within range) x

(probability of being within range when
message is transmitted)

In State 1 (subsystem operative),

Cy. = (0.95)(0.90) = 0.855.
1

In State O (subsystem failed),

C. Identification Equipment

During the mission, the aircraft--if not able to
identify itself properly--1s in danger of being attacked
and destroyed by friendly forces. The Identificaticn Equip-
ment (IFF) provides the identification function. It has
a State 1 capability of 1.0. That 1s, in all cases, a prop-
erly operating subsystem will respond properly to é friendly
challenge and the aircraft has a probability of 1.0 of sur-

viving friendly defense.

Destruction of the aircraft is not certain, however,
even when this subsystem is in State 0. This fact can be

conveniently accounted for in the State O capability figure.

37




The aircraft will survive if:
(a) it is not challenged, or
(b) 1t 1s challenged, but not destroyed.

Q
]

Probability { no challenge } +
Probebility {challenge} x
Probability {not destroyed}
(0.1) + (0.9)(0.9)

0.1 + 0.81

0.91.

d. Terraln Avoldance Equipment

The Terrain Avoidance function of the radar is the only
avionics equipment that contributes to the penetration ability
of the aircraft. This equipment permits flying the aircraft
at normal attack speeds at low altitudes, i.e., below 1000
feet. Without this equipﬁent, guch low-level apﬁroaches are
not possible. It wiil be recalled that the anticipated loss
due to enemy action was 5% for low altitude approaches and
30% for high altitude approaches. This might also be stated
as 0.95 probabllity of survival for low altitude approach,
and 0.7, for high altitude approach.

Atmospheric conditions which result in improper radar
returns are anticipated 1% of the time. This condition 1is
reflected in the Terralin Avoidance radar basic capability of
0.99.
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The penetraticn capabilities (the probability of penetra-
ting enemy defenses), when the effectiveness of enemy action
is considered, are:

State 1

Terrain Avoidance function operable

c (Probability that radar permits low approach) x

P
1 (Probability of survival, given low approach) +

(Probability radar does not permit low approach) x
(Probability of survival, given high approach)

= (0.99)(0.05)+(0.01)(0.70C)

= 0.9405 + 0.007

= 0.9475.

State O

Terrain Avoidance function inoperable

CP = Probability of survival, given high approach
0.70.

e, Target Identification and Weapon Delivery Equipment

The target can be identified either visually or by
means of the radar equipment. The method of identifying the
target will be visual if the delivery method is "visual",

and by radar, if the delivery method is "blind".

The ability to deiiver a weapon within 500 feet of an
identified target is dependent upon the mode of delivery and
the equipment states. For this example, it is assumed that
the probabilities of delivery within the prescrited 500 feet
have been estimated for the indicated states and delivery

modes. These probabilities are shown in Table VIL
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TABLE VII

Delivery Capabilities by Mode and State

X R Toss-Bomb Sight
Deilgery gzdg gid%r Computer System Capakilities
cae ate ate State State
Lay-down Ll n.a. n.a. 1 0.90
Lay-down Lo n.a. n.a. 0 0.70
Visual
Toss vy n.a. _ 1 n.a 0.80
Viéual
Toss Vq n.a 0 n.a 0.60
Blind Bl 1 1 n.a 0.75
Toss
B, 1 0 n.a 0.40
B3 0 1 n.a 0.0
B4 0 0 n.a 0.0
n.a. = not applicable

f. Instrument Landing Egquipment

The instrument landing system (ILS) when functioning
properly has a capability of 0.99. That is, a landing with-
out damage to the aircraft or injury to the pilot can be
made 99% of the time. In weather during which this equipment
is not required, however, the probability of successful land-

ing is 1.0.
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Recalling that visual landing procedures are possible
95% of the time, the probability of successful landing if

the ILS is operable is:

Cp. = (Probability of visual landing) x
- (Probability of successful landing under visual

conditions) +

(Probability of ILS landing) x

(Probability of successful landing under ILS
conditions)

(0.95)(1.0)+(0.05)(0.99)
0.95 + 0.0495
0.9995.

If the ILS is not operable, no capability under ILS

conditions exist, and the overall landing capability is

Cop (0.95)(1.0)+(0.05)(0)
0
0.95.

8.0 Model Exercise

8.1 Effectiveness of Individual Functions

¥With all of the basic parameters now available, the
individual Effectiveness figures for each mission function
can now be determined. The probability of performing each
required mission function will first be determined. These
probabilities, since they are independent, will then be com-

bined to establish the mission effectiveness.
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a. Communication

—'r "-
Eq = A¢ (D¢
: "W o "
A =V.v. :
c TlV1Vo0) | o
Lo W
1.0 o_i
= [0.972 0.028] i
Lo o
r - ~ -
;—Dc]z D11 D10§ _ 0.9943 0.0057
5 | i f
1Do1 Dooj LO© 1.0

=
|
o
(00
n
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b. Navigation

EN"= KN[DN]CN ~ o -
Wy
! W2
Ay = [vlv2v3vuv5v6v7v8] w3W
b
Sw
6y
T
i 8| -
- [i.0
1.0
= L518 011 .04l .389 .001 .008 .031 .001] 1.0
0.1
0.8
0
0

r~ - O

Dy Dyp « « « Dig L A
[DN]= Doy Dop ¢+« Dog

P81 Pg2 - - - Pgg |

In this matrix, the following elements, for example, are

computed from:

D.. =D. D. D

11 = Pp; Pr, Por
D.. =D D D

12 = "Dyy Ty DFg
D.. = D. D

35 TDj; DRy

O (Transition from State 3 to State 6 is not
possible.)

D36
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where subscripts D, T, and DF represent respectively,

Doppler, Tacan, and Direction Finder.

[.9085 .0109 .0220 .0561 .0003 .0007 .0O01l4 .0000 |
0 .9195 O o} .0223 .0568 © . 0014
0 0 .9306 0 .0112 0 .0575 .0007
0 0 0 L9647 0 .0116 .0234 .0003
[DN]= 0 0 o o0 94180 o .0582
0 0 0 0 o) .9763 0 .0237
0 0 0 0 0 0 .9881 .0019
K 0 0 0 0 0 o 1.0 |
= B =
[c,] [o.95
c,| |0.95
c 0.95
3
_ cy| o.61
C. = =
N7 |cg|T|0.95
cg| |o0.45
c,| |o.32
8] L° .
Ey = 0.5537.
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¢c. Identification

By = Ay (DS
. W. 0 .0 0
— l ' H
A =[v.v = [.971 .029|! -
r =" O]{p Wos [ ] Lo 0.2}
[ ;11 Dy, Dlol _ .9881 .0119]
Il 1Dy Dy 0 1.0
_ e 1.0
Gy = 11 - { }
1G] L -9
E; = 0.9751

d. Penetration

I W, 0 8 o "1.0 o]
A= V.V - [.833 .167]
A o] 0 W, J 1 0 0

[0g)= P1y D10} - [;990 '°1°]
lp D 0o 1.0

o1 Yoo
ol LTO
Ep = 0.7875
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1.0 0
= L980 .oeo;{ }
‘10 .95

o e, _ [-99951
T ey Los
Ey = 0.9975

f. Weapon Delivery

Lay-down Mode

,

L
Ey, = Ay, [Dp|Cy,

i W, o ., 1.0 o0

A, = vv li > = [.990 .010! ° ‘
e ‘o 0.8,

[D ]=; Dll Dloi _ .999 .OOli
L ‘ i B ) |
DOOJ C 1.0 !

01 - =
- |
E = % Cl =] [..90‘
L IC ! l_ 70i
« 0O~ i
Ep = 0.8964
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Visual Toss Mode

-— -

Ey = Ay Dy Oy
» r ,'{le o~ "1.0
Ao = |V VAl . = ,833 .167
v Mlily g )7 . Lo
= - r‘ =
[ ] D4 Dig | .9851 .0149i
Dy )= | o=
LDOl DOoJ o) 1.0 K
= _ % clf _ l'.80‘
A ! L ,
«Cpd .60 |
E; = 0.7342
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Blind Toss Modeé/

Ep = KI'S[DB]EB

[
[
@) .
o
o
. C
ﬂ
[ |
L]

=4 I 1 Wl © ] r 7
Ay = lvlvo}[o Ak [(.842)(.833)  (.8L42)(.167)]

.o o©
[.701 ,141] ‘0 05]

Dy, Dm}_ {(.9876)(.9851) (.9876) (.0149)]

Doo e (.9876) | .

[.9729 .0147 | i
lp .9876 | .
— |‘c C.15
1
c 3
B l_ce
EB = 0.5439

_6_/ Because the Capability in States 3 and 4 is zero,
these states need not be treated explicitly in the
computation.
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8.2 Effectiveness for Individual Mission Types

The individual functional effectiveness figures may now
be combined to evaluate the system effectiveness for each
mission type.

Lay-down Delivery Mission (E;)

E (E

¢ Er By Ep Ep) Ep
[(-8265)(.9751)(.5537) (.9975) (. 7875)] 896k
(.3500) ( .8964)

0.3142

1

Il

Visual Toss Delivery Mission (E

E, = (Eq E Ey Ep Ep) By
= (.3500)(.7342)
= 0.2574

)

Blind Toss Delivery Mission (E3)

Ey = (Eq Ep By Ep Ep) Ey
= (.3500)(.5439)
= 0.,1907 f

8.3 Overall System Effectiveness

The single, overall system effectiveness figure is now

obtained from

E = E1P1 + E2P2 + E3P3
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where Pl’ P2, and P

mission type will be flown.

P, (probability of Lay-down Delivery)

P,(probability of Visual Toss Delivery)

P3(

¢
\
0.

3
2

ko7,

50

i

probability of Blind Toss Delivery)

. are the probabilities that each

(Probability of daytime
mission) x

(Probabilitg of VFR

conditions

X

(Probability that Lay-
down Delivery is pre-
ferred)

(.58)(.8)(.8)
0.3712

(Probability of day-
time mission) x

(Probability of VFR
conditions) x

(Probability that
Toss Bombing is
preferred)

( 58)(.8)(.2)
0.0928

(Probability of night
mission) +

(Probability of IFR
conditionsg

(Probability of night
mission and IFR
conditions)

A2 + .2 - (L42)(.2)
0.536

.3142) (.3712)+(.2574) (.0928)+(.1907) ( .536)



8.4 Application of Model Results

It was stated in the introduction that this evaluation
was being performed during the Program Definition phase, and
that Force Structure, i.e., the number of systems required

to accomplish a specific mission, was of prime concern.

It can be shown that if one system has a probability, E;
of accomplishing a mission, the the probability that at least

one of N systems will accomplish the mission (S) 'is:

s=1- (1-E)N

In order to determine the number of systems required to
attain a fixed value of S for a particular value of E the

equation may be written:
_ 1In{(1l-S
N = Insl-E;
Figure 3 shows this relationship for S values of 0.95
and 0.90. That is, any point on the 95% curve shows the

number of systems of effectiveness E that would be required

to provide 0.95 assurance of successful mission completion.

Considering the upper curve, note that for the System
Effectiveness of 0.24 computed in the previous section,

elesven (ll) systems would be required to provide a 0.95
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assurance of a successful mission. If the Effectiveness
could be raised to 0.4, six (6) systems could provide the
same assurance. A question that might be asked, then, 1s
"What is the optimum method for attaining the required
assurance of mission success?" Should the expected Effec-
tiveness be accepted and the required quantity of aircraft
be obtained; or should efforts be made to increase the

Effectiveness so that fewer aircraft would be required?

No effort will be made here to treat optimization"ppo-
cedures in general. The reader 1s referred to the report
of Task Group IV for this purpose. However, an elementary
procedure that might be employed in the inlitial trade-off

analyses 1s described in the following.

While the many inputs to the model represent the
effects of a wide range of influencing factors, assume that
the analysis being performed during this particular phase
6f Program Definition is concerned only with those factors
over which the hardware designer has some degree of control.
These are essentially the capability, the relisbility, and
the maintainability of each equipment. If each of these
factors i1s varied over some pre-determined range and the

resultant Effectiveness figures computed, an indication of
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the areas of high potential pay-off will be available.

This procedure was followed in this example for the reli-
ability and maintainability characteristics. The calcula-
tions described in the preceding sections were repeated for
six values of mean time between failures and five values of
mean down time for each equipment. Utilization of even modest
computing equipment mekes this procedure completely feasible.

Figures 4 and 5 show the results of these analyses.

An initial examination of these figures shows that the
influence on Effectiveness of a given percentage change 1in .
either tf or td will be greatest for the Doppler, followed

by the Terrain Avoidance Radar, the Bombing Radar, the Toss
Bomb Computer, etc.ly

These results would initiate a re-examination of the
reliability and meintainability predictions for the equip-

ments in the order listed. ©Some criteria against which

I/ In this relatively simple example, these results might
seem to point out the obvious, e.g., that the Doppler
could have been recognized from Teble I as the major
problem area, Note, however, that the mean-time-between-
failures (tgf) for the Computer is equal to that for the
Doppler. Had corrective actions been based only upon the
tr figures and equal efforts accorded these two equip-
ments, the improvement in Effectiveness per unit of effort .
would have been considerably less than had the major
effort been applied to the Doppler.
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s

possible changes in the equipments might be weighed are
now available, For example, a 50% reduction in mean-down-
time for the Doppler-would be eguivalent tc reducing the
number of aircrart regquired for a successful mission from
11 to 9, or a force reduction of about 18%. Ar approxima-
tion of the projected savings to be realized by such a
reduction can then be weighed against the costs to be

incurred in decreasing the down-time by 50%.
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EXAMPLE B

INTERCONTINENTAL BALLISTIC MISSILE SQUADRON
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1/
I. INTRODUCTION AND SULDARY —

IL 13 the specific object of this document to provide an example of the
analysis of an ICH! fleet which will illustrate the formal mathematical
structure adopted by Task Group II of the WSEIAC. Symbolically, this
structure is given by

A p] C

=
n

—
.—‘
~—

vhere

is systen effectiveness

x-l &=

is the rradiness vector and A' is its transpose.
D} 1is the dependability matrix.

is the design ccpability (performance) vector.

The point of view which is adopted here is that the evaluatlon and/or pre=~
diction ol system effectiveness is the result of the interaction of

. Vesopon system criteria

. lission description

Weanon systen description

Because the ICBM fleets have reached the acquisition and operational phases
of system life, this memorandum does not reflect the epplication of models

in the conceptual and orogram definition phases of system developmint., This
is perhaps unfortunate since hindsight frequently has the quelity of 20-20
vision. Ilevertheless, it is felt that this document will prove most useful
if it is concentrated on methods and techniques foi current ard lu.ure weapon
system evaluation and irprovements. Therefore, we shall limit the dis-
cussion on the role of models in the various phases of system life to the
folloving brief remarks. -

1/ The material presented in this example is an abstraction from
®*A Compendium of Atlas-Sponsored Developments in Reliability
and Availability. " Vol. I, AD 420882; Vol. II, AD 420883; and
Vol. 111, AD 420884.
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A system evoives through four relatively distinet phases, aanely;
. conceptual phase
. programn definition phase
. acquisition phase

+« operational rhase

In the conceptual vhase, feasibility studies cre conducied Lo test whio abilidty
of the current state of the art to support bthe proposed gysten develosrnend,

RUIRTICS .

e 56

Out of this phase a set of specirfic operationcl rsguirenentis

The program definition phase continues the feasibility studies, minpoints
P [*] & (3 7 s

potential problenm areas, and resulits in a Jirm s
subsysten level, This shase terrdinates with o set of fim grseon spacil

tlons which initiates the cecquisition phase.
In the cequisition phase systen hardware is designed, aeveloped, wad tastied.
Systeu production initiates the onerztional vhase.

The precise manner in vhich a nodel is impleniented in cny ol thece nhoses
depends upon the point in time at which the evaluation is nede. Consider,
for example, the provlem of designing a launch vehicle for an infomaation
retrieval spacecraft in 1955. Specificelly, let the nrovlen te to determine
the feasibility of achieving a certain relicolility of countdoim.cnd a certcin

reaction time consistent with a narrov launch rindovr.

A countdowvm ney be regarded as an event during ivhich the wvz2hicle and its
launch complex act as a single unit. There cre two propertics of a countdoim
of particular interest here.

. the provability of completing a countdowm.

. the duration of a countdown in e:icess of scheduled time.
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We may express these two properties as

Poaltd = P 0=1 P ,lt/cd]
where ‘
Pch°] = probabllity of corpleting a countdowm without regard
for its duration (no abort).
?;d[t/cd} = probability that 2 countdowm will exceed the scheduled

gountdovm duration by t or less; given that the

countdown is completed.

During the feasibility studies of the conceptual phase, gross generic data
would be ubilized from all available sources. TFor example, AIR data on
Atlas D development launches might be used without much regard for the finer

differences in hardware or procedures bebween the Atlas D and the proposed
systen.

Once the feasibility has been established and the program definition phase
is well along, a second look at the system is taken. The system is now
fairly well defired to the subsysten level, but there is still no actual
hardvare from vhich to obtain data, so the iitlas D data would again be used;

except that now thot dzta wonld be examined at the subsysten level and all
non-relevant data rejected.

During the acquisition vhase, the scope of modeling would be eittended to the
piece part level using generic failure rate data. The system datae on the
Atlas D launches would no longer be useful since the structure of the model

is now far more deteiled than in the preceding phase.

Towrard the end of the ccquisition phese ond in the esrly nart of the
operational phase, & considercble body of subsysten test deta

tends to accumulate. During this time period the model structure will tend
to simpiify again in a direction vhich can accept subsystem data rather than
piece part data. Finally, after a sufficiently large number of operaticnal
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units are in existence, the model structure tends to simplify to the gross
sycten level, although the detvailed subsystem and piece part models will
still play a part in assessing proposed system alterations at those levels
of detail. Thué, broadly spealiing, there are three levels of model structure
. gross system model
5 sgbsystem model

. piece part wodel.

In the present docuiient we shall itlustrate these three levels in some de-
tail for an ICBl, with the understanding that their degree of applicability
depends upon vhich phase of system life is under consideration.

The systen vhich has been chosen for illustration in this example is a
squadron of ICBii's consisting of nine launch sites with one missile per site.
The squadron is treated as an entity without reference to its interface with
other strateglc weapons or possible enemy counter measures. The lowest level
of consideration is a subsystem, as opposed to a lesser aggregate of equip-
ment, except in the case of the re-entry vehicle for which a piece part

reliability model is developed. Redundancy is illustrated in this latter
medel.

The maintenance volicy is o combinaticn of scheduled maintenance, continuous
nonitoring, and o fortuitous implementation of TCTO's performed at the sub-
systen level. The tests are not assumed to be either accurate or complete.
Repair, if it is required, is eccomplished by remove and replace at the sub-
sysuveam level., It is assuned thot one naintenance crew tends all nine nissile
sites so thot queuing can occur, but transportation lag time is not accounted

for., Onares provisioning is esswmed to be adeguate end no adninistrative

Several figures of newrit are illustrated courzencing with the highest leével
Tiguwre defined as “the cipected nwiser of targets destroyed per squedron vhen

an execution directive is received at a random point in time." Among lesser
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Ffigures ol merit considered arc:

., relative subsystenm ronk Ly reliobilit onoion,

. relotlve subsysten roniing o aveilohilis-

v )

Both true and cpporent avell OYC CCMSLGOMDG ©0 o eluion oLt Lt Lo
end ac o functlion of vrarnliuyg wine. BiEL S ° 58 ECBARB_E B .
cerris or reactlon vine and success TalLlo.

Rencir of ctorts RIS/ LR e &
limited spores 310 T enmfLiiity o Jenlica T A Sowrm o ke
,J,:.n(:e coenurne _’:7_-‘._ T,

An 5,03, Zor the scuedron is wosvrlooci.,  decadioe wonts Lo nlacad o

nress,; dnuach relichbilitr and weoclion vime, TLi; °y &b Wwid
3111 orovability.  JAneltisclr vedels wowlectin: the Thowoen ol tworll delined
csove cre devel o IB 18 _CoRBBGk

cnat dwring ohe LRSER) 2 ok, OF
ieto nas been o Soous.  Spassions

are daeveloped o iwetes of the model

paranicters.  The wodel is enercisel usin: thaese estictes o produce 2Svi-

wtes of availabiliiy, dependoillitr, ond conotTiliiy cnd tihe nroduct of these

(8131

foctors.

(B

The nodel ouvnuis are corpaved o vhe $5.6.13. Tnis comerison indicates tact
the minimun ccceptocle volues Tor syohen rolicsility i countdotm and Tlisad
are net, althoush the relicbilivy ol the re-entir veilcl2 is clecrly suscen-
tivie of irprovenent. The true aveilavilit, ol the sysien is woefully

lower thon the eccepiadle ninimun, clthouszh: the oonorent availability

(=3

S

relatively high. The per unit xill provatility is wiso in drestic need

of improvenment.

Parameter variation studies are initicted on the aveilobility end capability

Tactors to assess the potential for systenm irprovenent. t is shovm that
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. 1lmproved nonitoring and increased reliebility of the pover genera-

tion and distribution subsystem in conjunction

. a drastic shortening of the times between scheduled checlouts on
several subsystens .
and
. an‘'increase in guldance accuracy by a factor of %wo

0 b oS N & PR =g B Ay o~ oo 5 9 o0 o )
will e required to achicve ninivnn ccecenvacle systenm perioraance.

The questions of costs, schedules, confidence factors, relative strategic
value of the system, &nd technical feasibility of accomplishing the re-
quired system alterations are not considered.

A more serious shortcoming of this document is theé lack of an illustrative
decision algorithm (for aiding management) that accounts for cost, schedules,
expected product life, and the host of other factors which (conceivably) in-
fluence decisions in a real situation. The current example limits itself to
a trede off study based strictly on the technical factors which enter into
decisions. Thus, th.re is a certain fiavor of real life missing from this
example,

Although the example developed here illustrates the formal mathematical
framework referred to above, it was found that this framework can be too
restrictive under certain circumstances. The difficulty is implicit in the

dbamamydboaoa N L [ M
FHEERES e R TeRR2% o0 I O

O a LR o >
LIVREDJO RNV S e £ 41

daTi e A ag L ~ 5
SoLl o roetdiness, Gepanloe

$ S oo o2 3 e even R B T 5 e ¢ -~y sgboga ® Dga 0 0 . S
2ty nG o Gestoem oo o DIATS Ll Lo cunronoad as cwtunlly eneluclive, inde-

11l
pendent factors. This asswption can treak dowm for availability and
dependability in the case of ICHli's vhen several launch atterpts are per-

nitted (with repair from the >receding aborts).

It is shown in Appendix II that this situation cannot be formulated within B
the present formal fremevork adopted by Task Group II.
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II. EFFECTIVENESS EVALUATICN BY TASK AUVALYSIS DESIGHATOR INULBERS

1,0 1ISSIOH DEFINITION

1.1 Functional Definition of Mission

Any missile of an ICBM fleet should be rcady to accept a launch directive at
a random point in time, or at an arbitrary time after an initial warning has
been received at a random point in *time. It should then launch successfully
within a prescribed reaction time,z—'/fly a ballistic trajectory, penetrate,
arm, fuse, impact within the prescribed target area, detonate and yield as
planned with a prescribed probability of target kill.

l.2 System Requirenents

The basic numerical criteria used in guiding the design of ICBM fleets is
given in a document called "Specific Operationel Requirements." For example,
the Atlas and Titan I fleet requirements are given in SOR-10L.

For our example analysis we shall assume that the SOR requires:

Minimm ObJjective
accept. value value
* *
Countdown reliiability 0.8 0.95
Flight reliability 0.7 0.90
Fleet in commission rate 0.5 0.90
Per unit probability of kill 0.8 0.9

* Assumed reaction time of 2 1/2 howrs.

We shall also assume that the SOR specifies one or more objectives of the
following nature: B

2_/ IMultiple launch attempts with repair of aborts is permissible.
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. Crisis criterion:
Maximize the number of missiles available for launch.
. Cold war criteria:
. Fixed budget criterion:
Maximize target coverage within a fixed allocation of
resources.
. Per unit cost criterion:
Maximize target coverage per dollar consumed.
. System efficiency criterion: '
Minimize the dollars required to obtain a specificd target
kill probability

-

It should be noted that these criteria define acceptance and objective levels

and a course of action. They do not necessarily specify Figures of Merit.

However, the SOR probably shouid specify one or more Figure of Merit to be
used in assessing the developed svstem. We shall, therefore, assume that

our hypothetical SCR requirements are based upon the expected number of

obJectives destroyed per squadron when an executicn directive is given at a

random point in time and three missiles are targsted per objective.

2.0 SYSTFM DESCRIPTION

2.1 General Configuration

The system is a squadron. A san#dron consists of nine launch sites, each
containing one missile.
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Tach niscile ccateins the folloving launch critical subsystems

Subsysten

Subsystem Designator
Re-cntry vehicle A
Guidance B
Mutopilot C
Propulsion D
Structure B

Each launch facility contains the following launch critical subsystems.

Subsystem
Subsystem Designator
Overhead door
Air conditioning G
Power generation
and distribution g

2.2 Sloc. Dicgrawm

Block diagrams of a system are useful in showing the organization ol a

system. In varticular, they are a useful reference in establishing the inter-
faces between equipments and settling the question of redundancy. The
functional flow diagrem of Figure 1 illustrates the degree of complexity and

amount of detail normally aveilable from such diagrams.

2.3 Engineering Drawings

The engineering drawings define the details of the hardware of the system.
From these drawings information is extracted to support the integ:ated task
index, unit manning document, data handboock, provisioning requirements docu-
ment, equipment running time line analysis, and the reliability functional
block (RFB) diagram. '
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2.4 System Functicn Analysis

A system function anelysis (F/A) is a task oriented analysis of the time and
sequence of the events nrecessary to support end utilize a weapon system. It
provides the base line from vhich the eguipment running time line analysis,
integrated task index, and unit manning document are prepared. A function

analysis is documented as a set of configuration control engineering drawings.

The method is illustrated by the two Atlas T series drawings of FPigures 2a
and 2b. ’

2.5 Physical Factors Summary Documents

These documents are usually a series of design reports of all system factors.

2.5 Equipment Running Tice Line Analysis

-A running time line analysis of eech equipment group is performed for each
standard tactical operating condition (sTOC) implied by the mission description.
For example, consider Figure 3 which illustrates the time line analysis of

a hypothetical re-entry vehicle during countdown.

2.7 Integrated Task Index

™e integrated task index of the system uniquely identifies all of the tasks
vhich must be accomplished to maintain and operate the weapon system. It
lists the required skill level (AFSC), number of people required, sequence
and duration of the tasks., This is illustrated in Figure 4 for an Atlas E
Series periodic inspection.
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2.0 Unit Monning Document

The unit manning document describes the skill levels required and the number
of people allocated to the weapon system.

2.9 Reliability Indices Reports

The relicbility indices reports list each reliability functional olock,
identify its function, and give its failure rate. The raw data from which

the failure rate is estimated is also listed in the document. A typical

excerpt is shown in Figure 5.

2.1C The Dsta Handbook

As the system is developed,a running estimate of each of the pertinent system

parameters is maintained.

.

2.1l Provisioning Requirements Document

The number of items of support equipment and the allocation of spares is

documented.

2.1.2  Cost Indices Document

(Mot peritinent to this technical document. )

2.1, RFB Diagram

Each equipment group is subjected to a detalled reliability analysis. The
resultant reliability functional block (RFB) diagram shows the inputs to each
cqywipnent tlock, the outputs of ench cyuipricnt Tlociy, ond the internal

relations of each equipment block.

Figure € illustrates such a diagram for a hypothetical re-entry vehicle.
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LAUNCH CONTROL

RELIABILITY FUNCTIONAL BLOCK DIAGRAM

RE-ENTRY VEHICLE-SUBSYSTEM A

LAUNCH CONTROL

115V AC VERIFICATION

28V DC VERIFICATION

TARGET SET

¢ OR —-I—.IDENTIFICATION

SCD VERIFICATION

MK 4 ONLY
S BATTERY TEMPERATURE
MK 3 ONLY

lns VAC } BOTH ALl
Zevioe l A2
| I
SCD POWER I |
SCD -
LAUNCH
CONTROL | |
POWER AJd X
I -- T I
| TARGEY I BOTH : A5 TARGET A SET |
SELECT [TARGET A | T
| ‘
el =l Ab ITARGET B SET
| ALL THREE REQUIRED l
-
i 7 A7
| A.8 |
1
l A9 a |
| |
| A0 |
MK 3R/V
Al
EITHER
OR
| A2 =Ry I

CONTINUITY

»——-'—— R/V TACTICAL

R/V IDENTIFICATION

FIGURE 6. TYPICAL RFB DIAGRAM (SUBSYSTEM A, REENTRY
VEHICLE DURING COUNTDOWN)
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2.14 Weapon System Cummary

It is assumed that the eleven tasks indicated above have been satisfactorily
completed to produce a weapon system summary document. For the present
example, we assume the following summary.

3/
2.14.1 Delineate the STOC™ and Their Time Lines by Subsystem

The STOC far a launch site are
. Ewoi/ readiness
. Guldance checkout

. Re-entry vehicle rec_ycle

. Periodic checkout
« Countdown
. Return to standby
. Flight
Typical time lines are illustrated by Figures 3 and 4.

2.14,2 Delineate Targeting Policy

A squadron is targeted on three objectives, three missiles to an objective.

2.14.3 Delineate Physical Factors

The launch site may be regarded to bte impervious toc countermeasures except
when the overhead door is open. (Consider ground invulnerability to be
unity.)

For the class of target considered, the warhead exhibits a unity damage function.

The cross range and down range miss distances arising from errors of the gui-
dance system are normally distributed and independent.

3/ standard Tactical Operating Conditions
4/ Emergency War Order
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The probability of propellant depletion is zero for the target ranges used.

Uhdg; tactical lgunch conditions two launch attempts may be made, since each

site stocks sufficient spares to repair one countdown aﬁbrt. No retargeting
capability exists.

The reliability and performance capability of the communication systen is
unity.

Penetration probability is unity.

2.1 Delineate Personnel Composition

Each squedron is supported by four maintenance crews. A crew works an cight
hour shift with every fowrth day off. During cmergency conditiosns not lasiing
longer thoan one vweol: 211 erews may be put on twelve hour duty, two crews
operating simultaneously. Maintenance equipment is redundant to this extent.
It requires a full crew to maintain, checkout, and/or repair a failed missile

or launch facility. Schedualed maintenance does not create queuing problems.
Each launch site is fully manned twenty-four hours a day.

£.1i.5  Delineate lizintcnance Policy Types ond Tine Lincs

Bach launch site is maintained using a2 hybrid maintenaac: policy. Sub-
systems G and H are continuously nonitored ond enter unscheduled mzintenance
vhen a foilure 5e indicated by niclluncition lights. Repair is by remove and
replace and roquircs a mean timec of one day. Subsystem A is cn unmonitored
system vhich is rcplaced oncc a year. The time for replacement is constant

and takes onc day-

Subsystem B is periodically checked after standing on alert for ten days. The
duration of the checkout, when it is all-go, is one hour. The system can
be returned to alert in ten minutes from any point in all-go checkout. The

o b 59 - - Kl ofPa® olq R “oes o 0RO g e - N I T TN
el SLidC 10X T2HILY, il LG DOV DG TEACT, LS U LS adurts.
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Subsystems C, D, E, and F stand on alert for thirty days. At the end of
thirty days, a checkout requiring 0.6 dey is performed. The system is
off alert during this time. Repairs are by remove and raplace.

. Spares are unlimited.

. Deployment of the squadron is such that travel time for unscheduled
maintenance is negligible compared to the duration of maintenance
activity.

. At irregular intervals TCTO must be accomplished (off alert).il

« Scheduled maintenance does not create queuing problems.

Figures 7 through 13 illustrate the time lines for each subsystem main-

tenance policy and the values of the parameters.

5.0 SPECIFICATIC: OF FIGURES OF !ERIT (F.O.M.)

The various figures of nmerit useful in making decisions for or ageinst

system alterations and for use in targeéing are, in order of increasing
detail;

3 E2X DT = expected targets destroyed ver squadron
.2 D7 = dependability matrix per squadron

3.3 C = System capabvility vector

3.4 4 = B3quodron availability vector, and A' is its transpose

3.5 Relative suvsystem, site, squadron rank by reliability indices by
node of operation

3.6 Relative subsysten, site, squadron rank by availavility indices

3.7 Relative suwvsystem, site, squadron rank by consumpition rate by mode
of oneration

3.6 Relative subsystem, site, squadron rani by repair uime

3.9 Relcotive subsystem, site, squadron ran: vy leg time

3.10 Reletive subsysten, site, squadron rani: by duration of go checiiout
3.11 Relative suvsystem rank by vest quelity and coverage by mode of

overation.

5/ Time Complian-e Technical Order.
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TS TC - -TC TI‘
1 1 b
9 J\J
SUBSYSTEM
PARAMETER” INDIVIDUAL MODELS COMPOSITE MODEL
C D 13 F C D 13 F
Te (VARIABLE) 30 30 30 30
Tc 0.1 0.1 0.2 0.05 0.6 0.6 0.6 0.6
T,- 0.05 ¢.05 @.1 0.05 0.1 0.1 0.3 0.6
1
Tr Cc.1 3 10 1
a 0.05 0.0 O 0.01
A 0.010 0.01 O 0
Pd 0.9 1.0 1.0 1.0
2
I/)-d 50 200 2000 530
S
qu 500 2000 @ o
s
) 0.99 0.985 1.0 1.0
My 0.005 0.01 O 3
[ ) 0.005 0,005 O c
1’r ~— (SEE TEXT)
1
T (SEE TEXT)
2 —
]Ac 5 20 2000 32

FIGURE 10.

*UNITS ARE DAYS OR PER 2aY

EQUIVALENT TIME LINE FOR THE Ith SUBSYSTEM

OF THE JOINT MAINTENANCE POLICY FOR
SUBSYSTEMS C, D, E, AND F ;
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AR va

UP AND NONFAILED |
[
UP AND FAILED UNDETECTABLY g 1
‘:’
UP AND FAILED DETECTABLY
DOWN
—
]
u ﬂz‘ﬂ3
FARAMETER SUBSYSTEM
H G
AL 1 DAY * 1 DAY *
e DA
T .
/‘2 © &
1
1 3 [ ] [ ]
a 10 DAYS 500 D AYS
i 1
Ve 2 DAYS 7z PAYS
1A 5DAYS 50 DAYS
A, 100 DAYS ©
; 1 DAY 1
DA DAY
Hy ¥y

* INCLUDES APPROXIMATELY
1/2 DAY LAG TIME
DUE TO QUEUING

FIGURE 11. TYPICAL TIME LINE OF A CONTINUOUSLY MONITORED
SYSTEM SHOWING DWELL TIME IN VARIOUS STATES
(SUBSYSTEMS G AND H)
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The calculation of Z... shall refle2t the conditions of .0 and 2.0 In the
present memorandum only the highest level F.0.M. (No. 3.} will be considered
since all other F.0.M. are obtained as intermedicte by products of proper

data processing.

4,0 TDHEUUTIDICHIICN OF L.0C0UL il TACLCRS

The total number of factors which must be acceocunted for are determined by
the system corplexity and the nature and detail of the questions which it is
expected rmust be answered by the modeling effort.

It is convenient to group the areas of consideration under four headings:

P2rsonnel
Procedures
Hardware
Logistics

».). Define Level of Accountability

The degree of accountability (in this exampie) places the least accountable
level at & subsystem, and the highest accountable level at a squadron.

The depth of detail to be accounted for is specified in the following four
sections. Each factor is to be explicitly accounted for in the structure of
the model by subsystem, by site, and by squadron.

it,2 Hardware

The models shall reflect the possibility of :our failure stress levels for
periodically checked subsystems depending upon the modes of operation:

. Alert

. Checkout and/or countdown
. Flight

. Demating

The model shall also reflect the possiblity of inherently undetectable
failures.

’
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4,3 Procedures

The model shall specifically account for at least the following properties
of a test

. Test coverage

. Test error

. false alarm

. Oversight
. Test duration

. On alert

. Off alert

i,k Personnel

The model shall reflect the possibility of queuing in unscheduled maintenance

due to insufTicient perscnnel.

The model shall not explicitly differentiate between inherent failures and

uman induced failures.

The model shall not explicitly differentiate procedural errors from human

errors.

L,s5 Logistics

The model shall specifically asccount for lag time due to transportation delays
and the deployment of the launch sites.—

The model shall specifically account for spares provisioning. Z/

é/ Zero‘ by assurption since time did not permit an analysiz.
1/ Accounted for in launch probebility only.
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k,5 Specify Data Constraints

rell

-

Date shall be obtoined as o result of the normel routine of system checkouts,
maintenance actions, and repairs. ta from existing data systems shall be

utilized to the neximum degree possible.

Special field exercises shall be kept to the minimum consistent with ob-

‘taining accurate estimates of crucial parameters.—

Field data shall be supplemented vy depot and gqualirication testing results

vherever possible.

E/ The guestion of coniidence levels and intervels is not treated herein.
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5.0 MATHEMATICAL MODEL CONSTRUCTION ?l

5.1 Assumptions

. The failure distribution which holds during standby is an exponential
distribution.

. The failure distributions in checkout, countdown, and flight may be bi-
nomial, exponential, or both.

. The means of all distritutions are finite.

. Subsystems fail independently.

. Test errors are binomially distributed.
. The launch sites/missiles are & homogeneous population.

5.2 Deliniticas cad U71001s

The folloving definitions and symbols hold tnrouchout the analysis.

4 1s the aveilebility vector. &' is its transmosc.
A, 1s the ith clement of 4.
AS[T] total systiem readiness expressed as o function of tine 7.

A _{»] total system readiness, limiting value as T —> ©

. .
Au{T] apparent readiness expressed as a function of time 1 .
T 1is the desiza copadility (verformance) vector.
C; 1is en element of C.
CE is the combination of n +things taken Lk ot a tine.
(D] system dependobility motrix.
d,, clement of D],
J
e

the yoie of detection of fuilures of the inherently destecta:le
lass

o
D30

in nrinciple ¢

9/ The principles used in this section are discussed in sAppendix 1
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PCD[t/CD]

e 2pected kill as o Tunection of the nwiber of nissiles
turgeted per objective, other parameters held constant.

The expccted kill per squadron (sysiem effectiveness, defined
to be a function of readiness, reliability, and design
capability). '

Conditional delivery probability. The probability of successful
flight and penetration to the target area; given a successful
launch and no gross melfunction of any part of the system.

A measure of system performance excluding reliability and/or
readiness.

i 1is the logical indication of the entrance of subsystems
C, D, E, or F into repair. i is the logical negation of
i; 1i.e. checkout is go.

Rate of termination of launch attempts irrespective of manner
of termination, but excluding enemy counter measures.

Is the mean likelihood that the ith subsystem will fail to
pass thé test during checkout. (periodically tested subsystem)

The prcbability of successful launch on the first attempt
without regard for duration.

The probaebility of successful launch on the first attempt in
time t or less; given that the launch is successfully
corpleted.

The probability that all of the equipment characteristics
vhich arr monitored during a periodic checkout will survive
the checkout; given that they were unfailed at entrance to
checkout. Failure of any such characteristic is termed to
be "inherently detectable in principle."”

The prcbebility that the inherently detectable equipment
characteristics survive checkout up to the point of test
decision; given that they are nonfailed at entrance to
checkout.

The probability that the inherently detectable equipment
characteristics survive the demating process post checkout
test decisicn; given that they were passed and were actually
nonfailed at the test decision point.
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The probability that the inherently detectable equipment
characteristics survive the expected waiting times ".I.’r and
T ; given that they were unfailed at completion of "1

T2'  checkout and repair respectively.

The probability that the inherently detectable equipment
characteristiecs survive the standby period; given that they
were unfailed at the time of assignment to standby.

The weapons effect damage function; expressed as a function
of the radial miss distance R.

System flight reliability.

Guldance accuracy dispersion.

The mean likelihood that the ith unit is nonfailed; given
that it is assigred "UP" .

The probability that the ith unit is nonfailed at entrance
to standby.

Unit probability of kill.
The probability that exactly k wunits are "down" < units

of the time after initiation of an alarm condition. Down
means in repair or awaiting repair.

The probability of launch for one or more successive atterpts.

7 1s measured from the initiation of first attempt.
The limiting value of PL['r] as T —e=® ,

The probability of no propellant depletion expressed as a
function of target range ro.

Penetration probability.

Probability of being up and bad, (failed) but detectable in
principle at time ¢t.

Probability of being up and bad, and not detectable in prin-
ciple at time t.

Probability of being "down" (assigned to repair), but "good"
(nonfailed) at ..me t.

Probability of being down with a detectable class of failure
at time ¢,
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Probability of being down with an undetectable class of
failure at time t.

Probability of being "up" (assigned to service) and "good"
(nonfailed) &t time t. - :

The probability that all of those equipment characteristics
which are not monitored during a periodic checkout will sur-
vive the checkout; glven that they were unfailed at entrance
to checkout. Fallure of any such characteristic is termed
to be "inherently undetecteble in principle.”

The probebility that the inherently wndetectable equipment
characteristics survive checkout up to the point of test

decision; given that they were unfalled at entrance to
checkout.,

The probabllity that the inherently undetecteble equipment
characteristics survive the demating process post checlkout

test declsion; glven that they were passed and unfalled at
the point of test decisionm.

The probability that the inherently undetectable equipment
cheracteristies survive the expected walting times T and
T. ; @iven thet they were unfailed st the completion®1

2 of checkout and repalr respectively.

The probebility that the inherently undetectable equipment
characteristics survive the standby period; given that they
were unfalled at the time of assignment to standby.

Yarhead yield function.

Target range.

Target misc distaance neaswwed rodinlly Troa tne worget to
the point of impact

Reliability of the 1% subsmabo 31 counbdown,
Reliability of the ith susrsiton in Tlighs

iethal radius of wwmrhead.

Time

Duration and mean duration of checkout, respectively.

Duration of countdown.
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Duration and mean duration of down time, respectively.
Duration and mean duration of standby time, respectively.

Duration and mean duration of up tine, respectively.

Duration of a constant duration checkout.

Duration of the first and second half of checkout when
constant.

Remove/replace time for ith subsystem repair.

Expected time awaiting reassignment to standby for the 1ith
subsystem after successful completion of checkout and repair,
respectively. i

Constant standby duration.

Unit step at t=x .

Periodic maintenance - the probability of false alarm.

Continuous monitoring - the rate of false alarms.

Periodic malntenance - the probability of passing a failed
characteristic of the inherently detectable in principle
class.

Delta dirac at t = x.

System failure rate of the continuously monitored subsystems
during standby.

Rate of occurrance of TCTO actions.
System fajilure rate during ccuntdown.

Failure rate of the inherently de@ect&ble characteristics of
the ith subsystem dwuring standby.

Foilure rate of the inherently undetectable characteristics
of the ith subsystem during standby.

Equivalent system repair rate for aborted countdowns.

Pate of completion of TCTO actions
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Periodic maintenance -~ prcbability of successful repair.

Continuous monitoring -~ the rate cf successful repair.

Periodic maintenance - the probability of leaving repair

with a failure of the inherently datectable in principle
class.

Continuous Monitorinz - The rate of leaving repair with
Ffailure of the inherently detectable in principle class.

®©

Periodic maintenance - The probability of leaving repair

with a failure of the inherently undetecteble in prineciple
class.

Continuous monitoring - The rate of leaving repair with a
failure of the inherently undetectable in principle class.

Indicates continued product.
Standard deviation.

T™me duration.
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5.3

—
et

Delineation of Possible Qutcomes

Total failure (full target survival)
. Not ready to enter countdown.

. Aborts countdown.

. Catastrophic failure in flight.

. Destroyed by counter measures.

. No yileld.

. Falls ocutside target area.

Partial failure (or success): (incomplete target destruction.)
. Falls wide of target with proper yield.
. Falls on target with low yield.

Total success (target destroyed).

Delinzation of Systen Svates

Dwring the prealarm condition of system readiness, availebility is calcu-

lated under the asswption that each subsystem of each site can occupy any

one of six basic states, namely:

up and nonfailed

up ond failed detectably

up and Tailed undetectably
dowmn and nonfailed

down and failed cdetectably
dovn and failed undetectably

In addition, there is an overall system administrative state, namely:

dovn in TCTO

Since there are five launch critical subsystems, there are 75 possible
launch sites states (16,807 states).

Since there are nine launch sites to
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s

be considered, the squadron can theoretically occupy any one of

mrr-1
" 1
: Y oral = —%—6-71-{3—%[5-— = on the order of 103!
r = 16,807 16,80619!
m= 9

basic states. The pernissible state trensitions are shovm in Fizure 12.
In the post alarm environment one additional state is ceccownitea Tor, nariely;

"« down and in queue

Briei attention is given to multiple tactical launch attenpits. For this

calculation the 16,807 besic states of a launch site are subsuwied into

ck

seven gross states:
. on alert and nonfailed at the time of receipt of the launch dircetive.
. on alert, but failed, at the time of receipt of <the lounch direc.ive.
. in repair out of countdown entered upon receipt of launch direciive,
+ 1in repair at time of receip® of launch directive.
. counting down after first abort or after repair that was beinz con-

pleted at time launch directive was received, called Tinal countdovm.

« launched.

. aborted out of final countdowm.

These states and the permissible state transitions are shown in Figure 2-1 of

Appendix II.

The dependability matrix identifies 81 system states, each of which corres-
ponds to the provebility that if 1 missiles are available vhen the erecu-
tion directive is received at a random point in time, J of them will

successfully launch, fly, and irmpact within the specified target area.

e
(k)
8,




5.5 Availability

5.5.1 Systen liodels

5.5.1.1 The Availsbility Vector !

If we denote the availability of any nemnber of the sguadron by As[w] or
As {1] vhere the first symbol refers to steady state availability and the
second symbcl refers to transient (augmented) evailability then the availa-

bility vector ic given by

[ 4 B
9
) 4
R . (2)
Al
] Ag

vhere

A o= cz (2,007 (1 - AS[w])9"{ (3)
or

A= 6 (aITD)F (- [r])PF ()

The components .~'\i of A cre read "The provacility that exoctly 1 missiles

of the squadron are availcole.”

5.5.1.2 Composite Steady State liodel

Total missile/launch site availability may be cipressed in the steady state
oYy ';

s T o i : . ; Y « r . 2
Al = HO[':"”_'I A7) «'\G'f’] 'HL“’} I%L”-\ Ay ] (5)
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vhere,

Ao[w] = Impoct of TCTO on availobility
A007 = Aveilet:ility of re-entry vehicle
P29

Aol = Aveilability of guidence

-

AP i’y = Joint availability of autopilot, propulsion, structure,
and overnead Goor

A o] = Availability of air conditioning

Ay o= Availability of power generation and distribution

Alert Degradation due to TCTC

It is cssuwned that the only effect of a TCTO action is to remove the launch
site from alert. The time between TCTO actions (tg) is distributed with
density function;

-Xots

plt] = Age (6)
The durations (tc) of TCTO actions are distributed with density function;
o tc

polt. ] = uge (7)

The system cvailability due to TCTO actions is therefore given by,

%
A [P) = —— (8)
0 T + 1
S c
o &ALt
- ( O's 1
8, 2 ) © N X; (9)
0
- i Hote 1
t, = ‘lo e dt, = -% (10)
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where

o
i

Mean time between TCTO actions. -

ct!
I

Mean duration pf TCTO actions.

The Joint Aveilability ot Subsystems, C, D, B, and F

The weapon system summary (2.14) indicated that subsystems C, D, E, and F
stand in readiness for the same time interval Ts’ at the end of which time
they enter checkout. If the checkout is "go" for all subsystems, the check-
out duration is Tc. Checkout and repair of the subsystems is conducted in
parallel. Each subsystem is assigned up when its repair or checkout is

complete. The last system up defines the point cf entry in 'I's for all
four subsystems.

4 typical time line of this joint rmintenance policy is shown in Figure 9

The equivalent time line for any given one of the subsystems i1s shown in
Figure 10, It will be noted that, in general, there will be an expected
waiting time T, 1 or Trgi on each maintenance cycle during which the

ith subsystem is on alert, but one or more of the remainder of the subsystems

is Gown. This waiting time must be accounted for in the structure of the
model.

Accordingly, we have, 7 F
= -
-y e D Y Vet
F i s s u
— -i=C
Melet 1 fr-e” I’ g
- i=C k /
A =]= — , (11)
CDEF T + td
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Vd
i, o1 i 1 i 11 1\
- - (2 )
vhere, wy (1-B7) By TR Til- (A=) Py T By T By
r r s c T )(12)
ST - 2 2 1
Pi[G; tg ] =
°k . i i i i i i il
{1 =P, "By "B, TP TP, TPy (1-o )} A
s C s (] Tr Tr
1 1
where
7
A = 14+ {(141-51)(1-u2i) P, - - (1-0") P, te, 1 [ B tep, 1
Ty s Ty 8 cy
Denote (13)
i = P:[F] (14)
1 = 1-p/[F] {15)
'men! i -~
1 i, i i i i
PilFl = 3 (1-8 )11 - (1) Py " Py By ‘( (16)
8 (] rl
J Loy

end for the inequalities given in the weapon system surmary (2.114).-

E D

R E =
t, = DETc+E(Tc +T1~_)+D1:.(Tc

o TrD) +DEF TrF (17)
and & &

c = D D E E == F
= - B o
Trl = DE_(.TE- + T, Tc)+ (Tc_ + T, Tc)+DEFTr (18)
+TE (0)
2 C - DEF( -7 -1 +r(r FerBon CLnly  (19)
Ta c ¢y r ¢y r ¢y r
=
= D .D C Sy . == ¥ c c
+ED(Tc +T . -T, -'rr)+1)12:r‘('rc+'rr-'rc -Tr)
1 1 1
D E E = F ==
Trl =E(Tcl+Tr -T)+EFT  +EF(0) (20)
D E E D D, =
T, = 13:('1'c + T =T, -Tr)+E(0) . (21)
2 1 1
E D D = F L \
T, = D('rc + T -Tc)+DFTr +DF (0) (22;
1 1
B
Tra = 0 (23)
F m B E = D D -
T = E(T,C+T -T)+ED(T, "+ T -T,)+DE(0) (24)
1 1 1
F E E . Fy . = D D F
T, —E(Tc *Tr“c=Tr)+ED(Tc +Tr-'rc-'rr)(25)
2 _ 1
+ DE (0)

10/ See Appendix IIT for derivations
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vhere, as a typical example;

Cc D D C E B
5 _ 'ka(Tcl T - Tc) =l (Tcl * I - Tc) .
Py = DEe + E e (25
5 ™
1l A C o ¥ L
+ DEFe® ¥ +DEF
C — 'st(Tc = Ly °- Trc)
Pd = DEFe 1
T
2 2l FanFoq o0l )
+ Ee i 1 (27}
Al Paalon Ol
+EDe ° 1 1
= A (Tc * TrF - T °- Trc)
+DEFe ° 1

The Availability ol Subsystens ., 5, {, and

The system models for the availability ol suosystens 4, D, G and I do not
differ from the respective subsystem models for these su.crsiers.
SISO

Accordingly, discussion of these aveilebility models is delayed +till
Section 5.5.2. "

5.5.1.3 Transient (Augmented) iveilebility

In the event that oprior varning is received, steps may be talen to augnent
the availability of a squadron. Specifically, all scheduled maintenance ncy/
be deferred aond the waintenance erevs mey be put on tiwelve hour shifis, tvo
crevs working in narallel to take core ol unscheduwled maintenance.

. . " 1. .

As noted earlier there are of the order of lO3 basic system states. An
equivalent number of state transition eguations is required to cimpress the
possible interactions between the nine launcha sites and the two maintenance

crevs.
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It is evident that the state equation approach to augmented ovailovility is
not a feasible approach, even for tie simple illustretive system used here.
On the other hand, machine simulation methods using Monte Carlo techniques
are quite éatisfactory for this and considerably more corplex systens.
Since Monte Cerlo methods are beyond the intended scope of the present
document, we shall use approximations that will permit a solution to be
obtained by pencil and paper methods. .

Divide the system into two equipment groups
. Continuously monitored (Subsystems G ard H)

. Periodically checked (all Subsystems except G and H)

Let it be assumed that the system is returned to alert from scheduled
activities in essentially zero time. Assume that unscheduled maintenance
on Subsystems G and H is the only activity vhich can now remove the system
fron alert. PFurther assume that

1y

. Repair is perfect at the equivalent repair rate P,

(g + @ %) (g + o) u"
" d c 1 + d c 1 (28)
G H G G H G
Ng t Ay t@ + B Kd+?\d+or v o
. The net launch site observable failure rate A 1is
G G H H \
A R (29)
. 'There is no delay in detecting failures, i.e.,
G H
e = e =—Pp (30)

1_1/ Implies that only one subsystem can fail at a time.
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The probability that the periodically checked portion of a site will be
good T units of time after the warning is received is given to an ex-
cellent degree of approximation by;

F
. 1
I S O RV I
& e L-e 28 f=A
P T = P'G't e oot o e =
R e s (31)

The queuing equations which express the probability Pk['r] that exactly k
sites will be down in the post warning environment are given by;

(See page 113)
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The (average) probability of being up for any one member of the squadron is
given by

Pu[T] = 1 - i Pi[‘r]

(33)

ol
E[\/J\o

The total expression for augmented availability is then given by %he aporoi-
mate expression,

FCRIe NEsh Moy Jh S (34)

i .
where Pg /u is given by;

i
P . "
sfe 1 i, 04 ‘ 1i )‘di “2*\{
4
(g + AT+ @) {( rug) (e =) e |
d u )\di v ot 3 _;{ ej
(35)
The initial conditions to be used in solving the equation set (32) are
r _ 9 G H k G »n H 9-k
P 0] = ¢ (1P “l=1P “=1)" (p "l=1 2 "[=1) (36)
J+5.2 Subsystem Models
5.0.2.1 Re-entry Vehicle (Subsystem A)
The Weapon System Summary (2.14%) indicates that the re-entry vehicle is
maintcined independontly of the other subsystems on a strictly calendar
basis of remove and replace. Accordingly, the availabilitv of this sup-
570020 e ©orenaon point in time is given oy
N S A Y
5 Sy
! Los J
(=] = : L (37)
T\
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T = Tine betveen recycles = one year

TrA = Replaceuent time (constant) = one day

g;,lA = Probability that re-entry vehicle is nonfailed at time of
installation

AA = TFailure rate of re-entry vehicle

“.9.2.0 Guidance (Subsystem B)

The guidance subsystem is maintained independently of the other subsystems

on a slipped schedule basis. Only ten minutes of the checkout time is

system down time. The expression for cveilatility is given W7

) 1-P, Brd E _
B B B B e % By
PG T . (1-p, o B)/0y B Py e by ®p, [ - (7))
A=) = k i s s s s s s c e
TRE B, S rm(rB. - , (38)
: Ts + Tc + }?B[F:l (Tr - ch)
B B 2
AL C T
B ds s
Pd = € (29)
S
A, B TSB
B s
Py = e (ko)
S
b, 2(1-8%) 1-(1-Pp, Pp, P
PGt | = 2O (k1
5Lty B B B .B B )
K 1-P, BPd P, BPu (1<®) 1+ @<oP-3 Lk, ")
S (o] S ©]
( B B B B
-\l-o)Pd ]Pd P,
c, s .,
<4 s
( ,
(1 - 33)71-(1-aB) Py E Py = ;
P [F] = : E ¢ - (L2)
B . B .B B B B B B
1+ (L-o -3 )(1-»2)-(1-01)?(jlc LPds Pdc
2 _5 1
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.5.2.5 Autopilot (Subsystem C)

A

Propulsion {Subsystem D)

Ui

D240

5.5.2,5 Structure (Subsystem E)

5.5.2.5 Overhead Door (Subsystem F)

These subsystems are treated as a group for periodic checkout. However,
each one couwld be treated seperately. It is in this sense that we may con-
sider the avellabilit; of ecch swsvsiten. Usllizdng the nroner superasel;y

<re heve for each;

P,LG;t, 1(1 -2, ', 1)
iyled = T e Ty S8
()\‘is + )\us ): T.W+ T+ Pi[F] (Tr - Tc2 )
1,4 -
N -)\ds Ty
Pt o= e (k)
i "usi Tsi
P, = e . (45)
8
i i, | i 1
— “1‘1'3)\11'(1'“.”::1:1’%:
P,LlG;t = - — =
1778y 1 -B B et -oh) e - ot -ty -t
L 8 s (] C -‘l : .
1 1 1 $2
- (1-d")p, ]de?d
¢y LR
(1-8h) 1-tye, Tt
P, [F] = : S (47)
1 1+ ((1-ai-31)(1-u?i) - (M) p, B te, *
) caj 8 cl
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5.5.2.7 Air Conditioning (Subsystem G)

5.5.2.8 Power Generation and Distribution (Subsystem H)

These two subsystems are maintained independently of each other and the
other subsystems. They are continuously monitored, hence;

uli et t s oh)
aylel] = T T T Ty 8
(« g A, ){e (« +)\d Ty wg ) + & Wy +hy (p.-l g Hig )}
vhere f is "G" or "H".
This may also be expressed as:
tip 1
al=] - 28 (49)
t + T
u d
where
- 1
S S (50)
d By + p.2 + p.3
A "
- . da 2
A TS 1L(“0+u3) 2+ 2y } ey
&/u

(kd+ ku+ a) {(-dri'—a +p.3) (1 + — )+—-E

with eppropriate superscripts on the parameters.
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5.5.3 Apvnorent Availebllity

The expressions developed to this point yield true availability.

cagual ocserver, novever, the apparent availability is glven by,

S ——" -
A= = e —
o Wt
Au[oo] = apparent availability
:Eu = mean time assigned to alert
t; = mean time down in checkout and/or repair

Referring to the various TAsubsyitems g -
- T

A (o
Au [Q] - TA
5 T B + B _ (T B),
s c c
Au [oo} b B B
Ts -+ -'Ed
C
T
AuCDEF[co] = S .
Ts + td
-G
%
G u
] =
Ay £0, 0
u d
- H
%
H u
A [°°] =
u —H =H
tu + td
where 't';'uG’H and '{;'dG’H are defined by Equations (50) and {51).
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5.6 Dependability

5.6.1 System Models

5.6.1.1 The System Dependability Matrix

The systen dependability matrix accounis for that portion of the mission
following receipt of the execution directive. In the case of an ICBM, the
matrix must account for the following factors,

. Reliability aspects of communication and verification of the launch
directive (PC)
. Countdown (launch) reliability (pL)
. Repalr potential on aborted launch attempt

. Flight reiiability (Pf)

It is assumed that each of these factors is independent of the others,

hence we write,

c'L °f (59)
Then the clomeats &,, o e dopendabilidy wmatric DT Lacome;
10-i _10-j j=1i .
a,, = Cio s »RY (@-R)¥ 1 o= 1,2 ...10; i>i<10
i 10-g = =
(50)
di_. = 0, <1
o
These clouents are the nrovebllities that enmetly 10-3 nissiles of the

e
squadron il swevive countdoim ond £lisht:  ziven thot enocetly 10-1 are

cveilewlice,

5.0.1.2 Coaxmnicotion Relicvility

This factor is unity vy asswiption.
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5.5.1.2 Countdown Reliubility

The probability of successfully completing countdown is assumed to be

expressible in the form, . :
Roplt] = Pgpl=1 Poplt/cD] | (61)
PcDEw] = ‘The probability of successfully completing ccuntdown with-

out specific regard for the duration of countdowm.

i

PCD[t/CD] The probability of ccmpleting a countdown in time t or

less; given that the countdown is saccessfully completed.

The probability of aborting a eountdown is assumed to be expressible in
the form,

1= Ry [t] = (1-p=)) PCD[t/Fﬁ] (62)

PCD[t/El_)] = The probability of completing a countdown in time t or
less; given that the countdown is aborted
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Provided that the Launch site is in an apparently ready state (no known fail-
ures), it may enter countdow~ on demand. If countdown is successful, the
missile will be launched in a time T, or less after the initiation of
countdown. If the first countdown is aborted, it will enter repair at a time
T, O less after the initiation of countdown. The repair will be effected
at a mean rate o and a second countdown will then be atteapted. Failure
to successfully complete the second countdovn terminates the attempt se-
quence under the given assumptions. The possible state transitions are
indicated in Figure B-1 of Appendix II. |

From Appendix II,
-(\+L) (7 -0)
Prlr.d = { Al=] Ppl=] (1 - e B
b -(Ap+L) (7,-9)
+ (- ReD) Pople] Q- ey e

L+ -p.c('rc-e))}

+ W U[Tc-e]
L()\L + L) -p (7 _-28)
+ A [=] PCD[“} {lr—(uc_L) o) e ¢ ¢
p L -(me) (TL—29) i (IA-)\L) -L(t_-28)) _
by O g
L+ n)2  op (7 -20
- A=) PgD[m] {1 - _(__f._)ff*_)_n = e (7e-29) (63)
(I-*C-L')\L)‘-

(1,-20) b (I4h)  =(L#hp) (7,-29)
B IR v B

- p’c (uc-z’?L) e“(L")‘"L) (1'(;29)} U[‘rc-ae]
(wg=I=p)

(Iﬁ)\L) e'uc('\'c-29)

"'(Pu[‘”] - A [=]) PCD["’] {l + m

~ (LA ) -20
-G SR pa
c
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Assuning subsystem lndependence,

H
. i
Popl=] = | Ry (64)
=A .
where
RCDi = Reliability of the ith subsystem for the mean length

of countdown.

The factor PCD[t/CD} is usually erpirically determined from demonstration
launch attempts.
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5.5.L.t Flight Reliability

The probability of successfully completing a flight is assumed to be expressible
in the form,

. H i

Plt] = 47 By [t] (65)
. i=A

Rfl[t] = The reliability of the ith subsystem for a flight

duration of the length t.
~ The Rfl[t] are given by the subsystem models.

5.5.2 _ Subsystem Reliability Models o

5.5.2.1 Ccuntdown Models

We shall illustrate the principle of subsystem modeling for only one typical

subsystem, namely, the re-entry vehicle reliability in countdown.

The relicbility functional block diagram for this subsystem is illustrated in
Figure 6. The time line analysis of a standard countdown is shown in
Figure 3. The. appropriate failure rates are listed in Figure 5.
. Reliability Model
. The reliability of the re-entry vehicle during countdown is given
by the product of the reliabilities of the subsystem functions.

. The reliability of a subsystem function is determined f{vrom the
physical organization of its relisbility functional blocks. By
inspection of Figure 6,

WA Bar " a2 " Ras - Ry 0 Rys ot Ryg
(66)
+ Rag T Bug B - (- Ry 0 0) =Ry 10200 T Ry
. Failure Distribution
. The exponential function best describes the failure pattern of
the reliability functional blocks of Figure 6.
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A t
Typically: RA.3 = ¢ M3 A3 (67)
Ay 3 = 0.8 x 10'6 (from Figure 5) (68)
a3 = 5.5:. 66 {from Figure 3) (69)

These results hold only for =2 standard countdown of fixed duration. When
the countdown duration is variable a modified procedure must be used. Let
pc[tc < t] be the density distribution of the duratiocns tc of countdown.
Let

R, i[tc - yi] = Reliability of ith RFB in a countdowr of
: = duration tc.

Yy = Non-coperating time in countdown.
Let RA[tc, Y] = f[RA i] be the total subsystem reliability function.
Then,
A r°° A
= r at

Rop ) iy p ft IRt , v] at, (70)
and %

R, Alt/cp] = = o ] e, v] dt (71)

cD A [e] dp jeen F e YT

“cD

5.5.2.2 Flight Models

These are handled in a manner completely analogous to the countdown.
(See Section 50602)0

5.7 Design Capability

5¢7T+1 System Models

5¢T.1.1 Capability Vector

Although a system may be available and function as designed during the mission,
the system may still fail to accomplish its intent due to a variety of
factors. In the case of an ICBM such factors may include,
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>3

Communication interferences (noise, blanking,etc.)
Ground vulnerability.
.- Penetration probability.
Prcpellant depletion probability.
Guidance dispersion .

. tarhead yield (overpressure versus target hardness, area, etc.)

It is convenient to treat these factors from the standpoint of a design
camaiility veostor T 2m assesolyy gyoton eddectiveness., In the nresent
example we shall restrict ourselves to a treatment of guidance dispersion
ond the target damage function, i.e.,, the probability of target damage
expressed as a function of war head yield, miss distance and target hard-
ness. This will illustrate the nature of C, but it should be carefully
noted that the situation depicted is a considerably oversimplified one.

Ve shall define a design copowility vector C  as follous,

ol
!

(72)

where the Ci are the expected number of sites destroyed; given that 1
missiles of the squadron are delivered to the target areas.

In the example chosen for illustraticn here it was assumed that the nine
sites are targeted against three objectives, three missiles to a target.

One successful war head detonation within a lethal radius RL will destroy
a target. N
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5.7.1.2 Per Unit Kill Probability

We define the per unit probability of target destruction as follows. ILet
the ensemble average of the probability of target destruction when one *
missile is targeted per objective be Pl’

P, = iy D {R,] T (R,] R, (73)
vwhere

Pp [Ro] is s target damage density function.

[Ro} is the probabi1ity that the warhead is delivered within

g a distance R, of the target with successrul warhecd
detonation an8 planned yield.
£ T = '
£y (Ry] Pyppttol Fp P |RO] ENS (74)

)
|

XD Probability of no propellant depletion (a function of
target range, launch error, propellant reserve, etc.)

P_ = Penetration probability (function of decoys and
P effectiveness of counter reasures).
Pg = Guidance accuracy dispersion.

Py = Re-entry vehicle/war head yield dispersion.
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TABLE I.

‘i ilo. of

EXPECTED KILL AS A FUNCTION OF TARGETING

tHo. of
Detone. ed lilssiles Hissiles[l’arget Bxpected Kill
9 111 112 111 3[1-(1-91_,(::))3]
8 111 111 11 2[1—(1—P1{(}:))3]+ [1-(1-?1{(:-:))2]
- 111 111 1 1.2501-(1-p, (x))°] 1.501-(1-2, ()%
111 11 n + .25?1_(::)
- 2) =
5 111 111 0 2 [1-(1-2_(x))°] + 32 [1-(1-2_(=))2]
{ Fay Fee
111 11 1
+ £ P (x)
11 11 il ‘ %: k
- 2 ~
111 11 0 2 T1-(1-2, (:))"] + 2O li-(1-2, (:2))<]
5 —ﬂ;-( ,())7] TL( . (22))7]
. 111 1 L 15 2 ()
11 11 1 m o=
2 =
L 11 1 0o %'[1-(1-?,,(;».))“]1» %%.[1-(1-?,,(::))2]
ff‘ ey An
“ H O + 30 p ()
11 1 1 [
L ori(1-p (=333 - S rio(1-p (-))°
3 111 0 o 5 (1-(1-p, () 1= o+ (1-(1-p(::))7]
11 0 45 :
+ P, (x)
101 1 28 'k
2 1 0 o .25[1-(1-?1,(:;))2] + 158, (x)
1 1 o
1 1 0 0 Pk(x)
0 o o o0 0
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12/
For e:ample when ™

ppRy] = 6[R, - RL] (75)
RL = Lethal radius
2;..2
-R.“/2=
£ lR) = 1-e o (76)
Then
2 2
o -R /O’
Po= [ 0-e 0T et - R e,
s s (17)
= 1 - e-RL /26

For the assumed targeting plan described earlier, the C, may be defined in

13/ 1
terms of P, as follows; —=t

3
Cy = 301 - (1-p, )]

cg = 21 - (1-9k)3] + 1~ (a-p)?
] 2
c, = 1.25[1 - (l-Pk)3] + 1500 - (1-8)7] + .25

_ 5 3. L5 2 9
06 = 7[1 = (l-Pk) T+ 58[1 = (l-Pk)] + P

C; = il - (1p )] + 20~ (P)T] + 3R P
M 1 1
Cy = ’7‘{1 - (1‘1’1;)3] + 115;[1- (1-91:)2] + -79Pk

c, - - ()% + &0 - (e )?] 4 27

2

C, = .25[1 - (l-Pk)] + 1.5 P
¢, = %

Cy = 0

12/ see 5.7.2.1 and 5.7.2.2 for the development of these functions.
13/ See Toble I.
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5.7.2 Subsystem Models

We shall illustrate the development of the per unit kill probcbility by con-
sidering only twoyofuthe factors ol Pk’ namely, guidance dispersion, and war
head effects. We shall assume that,

Pop = %p = By = 1 (79)

5.7.2.1 Guidance Dispersion P _
(<]

Consider the coordinate system of Figure 14, The variables 7 ond  are the
dovm range miss distance and bias error respectively. They are measured in
the "plane of fire" along a line tangent to the earth at the planned impact
point. The plane of fire is that plane which is defined by the three points;

the earth's geometric center, the launch site, and the planned impact point.

The variables :: anG  are the cross range miss distance and cross range
bias error, respectively. They are measured along a line orthogonal to the
plane of fire and passing through the planned impact point.

It is usually assumed (or demonstrated) that . x - X :and . y - y - are
independent, gaussian variables of zero mean.\ It Oy and cy. are the
respective standard deviations of these variables, then the miss distance
defined as,

R & Vz2, y? (80)

is distributed as follows,

g = -2 -9
H = -y
rRO r\: R02'y2 K (T) * (g) -
1 (X y .
P(R < RO] = Bo5 i - e dxdy (81)

J -
Yy -R _./Roa_ya

This function cannot be expressed in closed form for the general case
although it is widely tabulated for specific choices of the variables.
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¥ = DOWN RANGE BIAS ERROR
X = CROSS RANGE BIAS ERROR
X = "'CROSS RANGE MISS DISTANCE
Y = DOWN RANGE MISS DISTANCE

U
Y

FIGURE '14. COORDINATE SYSTEM OF MISSILE IMPACT™ DISPERSION
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For the present illustraticn, thererore, we shall set,

2
i}
]

u y S (82)

Then using
8 83
2, .2 2 (83)

we arrive at the circular error Funckion,
-R, /2o
PPR<R,)] = 1-e (84)

r7

DeTe2.2 Point Torget Blast Damage Functiocn

Wle shall assume that the fleet is targeted upon point targets; that is,
targets whosec area is small compared to the total area of weapon effect.
We shall also assume that of the three possible wespon effects,
Heat
. Radiation
Overpressure (blast damage). _
only the latter has appreciable affect on the target.

Under these assumptions, the target damage function may be expressed as a
function of three parameters
. Overpressure
Target hurdness

Miss distance

In order to simplify the example, we shall assume the unity damage function;
that is, the probability of target destruction P

J1302R =Ry
LO 8 Ro > RL

vhere R~ is the so called "lethal radius.” Note that the damage density

D is given by

Py(Ry < R] = (85)
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function is,

pD[Rol = &[R, - R ]
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5.0 DATA ACQUISITION

6.1 Specification of Data Blements

The basic informetion Tirom the field wnich is reguired to estimate the para-
meters associalted with aveilability and countdowm reliebility~1s a chrono-
logical listing of the time (numwer of maintenance cycles Trom repair to
repair) by site and by subsystems; that is, the time (number of maintenance
cycles) betwveen a repair and the next no-go checkout. This data may be

called apparent failure data.

In addition tc this apparent failure data, it 1s necessary to record the
total down time resulting from each apparent failure. Totol down time per
failure is defined as starting from the instant that the system 1s declared
to be failed and continuing until reassignment cf the systen (subsysie::) to
alert.

Also it is necessary to rccord
. alert duration
. the duration of an all-go checiouv
. the duration of & no-go chechous
. the duration ol time Trom the start of o test to the point in checiiout

at vhichh test decision is made.

The eveluation ol test coverare reguires a detailed Tailure analysis of a
seriple of rejected ecuiprient. Such cn anclysis must be conducted against the
Technical Order or tect equinment hilceh led to the rejection in order tc
ascertein if any of the failures which cre noted during the failure analysis

could have ceen nissed and vere, in fact, not responsible Teor the rejection.

14/ Certain portions of the leunch sequence are not estimable from field data.
Flight reliability is not estimable until a correlation has been made
between ground environmental stresses and flight environmental stresses.

133




In orief, the Tollowing informntion is required in order to evaluate and im-
prove the readiness of systems ond subsystenis:
. location (by site number and base). ‘
. name (description) of checkout.
. nane (desceription) of cubsystem or items or components etc. -
. %ime and data of ossignment to EWO status.
. +time and dote of entry into checkout (failure).
. time and dete of cach provlen encountered in checiiout.
. descrintion of each problem encountered in checkout.
. date of bench test of rejected varts.
. Tresulis of bench test.
. date of tear-dowm failure anclysis of rejected parts.

. results of failure analysis.

5.2 Swecification of Test liethodology:

Decouse tiie ICDI! Tleets are operational, no discussion will be given of test
Rl n Qo % -~ - .3 - . IR

nethiodoloxs ia the conceptual, celinition, cnd acguisition phases. The current

Gocwient will restrict itself to a discussion of a suiteble test methodology

for the onerational phase of systen life.

In princinle, it is possible to obtair all the infornation reguired to im-
nlement the efTectiveness nodel developed herein. All that is required is a

cormlete systen eiercise. That is a practical impossibilivy.

The sccond best approach involves a cormvination of
. Tield testing
. normnal naintenance actions
. Iliprommiu survey inspections
. special Tield c:ierciscs
. depot analysis
. ovench test recsulis
. %teer dowvn failure analysis

. sSpecial non-Tield tests

-~ 1

- e
T e




. recycle to depot
» VAFB launches

. lot acceptance tests

The point of view adopted with respect to field tests is one of practical
necessity. The majority of the data is obtained in the course of normal
maintenance actione and the impromptu inspections vhich are part of the

current field practices.

The validity of this data as a true measure of the actual state of the
fielded system is not an assumption which can be tolerated. Therefore, the

paraneter estimation methods of section T.0 make no such assuptions.

Houever, those mnethods are workable only vhen they are supported by a limited
number of "special ficld cxercises" and the results of depot cnalyses and

special tests not conductea in the field.

The pasic test methodology to be employed in the Tield is as Tollous:
. the time between successive '"periodic" inspections on cach subsysten
rust be variable, involving at least three different standby periods.
. a limited mmiver of checkouts must be repeated tirice (threc in a row)
in & back to back to back fashion without regard for the intermediate
tests results, i.e., repair is not initiated between tests. This is

done, of course, only vhen safety permits.

6.3 Specification of Duta Reporting System

Deta on the ICRI status, maintenance actions, and countdoim results are
currently reported in the U-82, AFM 66-1, and U-86 data reporting systems
respectively. A reel istic approach to date collection requires a considera-
tion of these systens.
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e dose alenents specified in Section O.1 cbove are. currently obtained hap-
hozordly by mecas of these reporting systerns in accordence with fluctuating
schedules, indicated foilures, and improrptu inspecuions. This erraticness

ig frequently an asset to the calculation of parameters. However, a methodical
veriotion in scheduled inspectiuns is highly desirable from the standpoint of
cecuracy of parcmever estimation. In any event, whether they are scheduled,

or wschecdwled, cquipment inshections provide information. The limitations

ond uses of this inTormetion in estimating parameters are given in Table II.
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TABLE II. DATA AVAILABLE FROM CURRENT AF DATA
REPORTING SYSTEMS

Ttéms of Information u-82+° u-86327 AP 66-18
Location (by site number and base) yes yes yes
Neme of checkout no2 Yyes n09
Name of subsystem yesh yes yesh’lo
Time and date of assignment to EWO yes no no
Time and Jdate of entry to checkout yes - yes dete of

completion
only
Time and date of. each problem Pﬁzﬁm
encountered in checkout yes yes g
Description of each problem 13 1
encountered in checkout yes yes yes
Date of bench test of rejected 5
parts no no date only
Results cf bench test ro no ye55
Date of tear-down failure'Z |
analysis of rejected parts no no no
Results of failure analysis'Z no no no
1 "by excsption" reporting, i.e., only when condition takes site off alert.
2 was removed from data system recent'y (November 1963). 1Is scheduled for
return to data system “hen checkout S.G.C. are detailed in -06 code books.
3 reports countdown only.
4. through Work Unit Code correlation only.
5 available for recoverable items only.
6  key punched for machine processing.
T not keypunched.
8 partially keypunched.
9  requires support general code of -06 code and changes to T.0.-0020E-1.
10 no Work Unit Code when checkout only.
11 cannot correlate checkout AFTO forms and resulting maintenance problem.
12 can be directed by responsible AMA as a special task for problem areas.
13 problem -- frequently cannot be correlated to checkout data.
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The following are currently known deficiencies of these data systems:

. Alert Status (up-time) is not recported. Instead, the site is assumed on
alert unless specitically reported off alert (SAC Regulation 66-T, para-
graph 4a)., This leads to erroneous "up" time data; e.g., Walker I was
assumed "on alert" for some time because no on:z reported it off alert.

The data files were eventually corrected in this case. In October 1963,
the F Serieé data for June and July had to be corrected because two weeks
data from one squadron was received three monthe late (it had been assumed
that the facility was on alert since it hadn't been reported otherwise).
Solution: Go closed loop by having the site report the "Total Clock
Hours on Alert" in columms 28 - 31 of SAC Form 127, each week. This will
make it mandatory for each site to report the on-off status each week, and
eliminate the guess work.

. There is no clearly defined relationship between the "status" categories
and the portion of the system being tested. Also the same "status" cate.
gory appears to be used for both a partial test and a complete test.

. Inconsistencies have been frequently noted between data reported on the
SAC Form 127 (U-82) and the U-86. In one instance the U-86 reported 24
countdowns while the U-82 reported 4l countdowns for the same time period.
Only ten of these countdowns were common to the two data systems.

. SAC Form 127 reports have had frequent occurrances of the following types
of errcrs.,

. "Total clock hours off alert" for the system does not equal the sum

of the individual alert degredation times (must be equal by defini-
tion of alert degradation time).

« Time gaps exlst between end of one category and the beginning of the
next category.
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System down time periods overlap each other.

System is returned to alert without accounting for all cof the
alert time.

. Cards submitted "—ith incomplete information.

It is our understanding that steps are currently being taken by SAC to mini-

mize these errors by having audits made at different reporting levels and in
greater depth. The resulte of the SAC auditing procedures on the quality of
the data has not yet been determined. (May 1964)

139




T.0 SPECIFICATION OF PIRALLIIIR HOUTILVITICH [LUTNODS

T.1 Point of View

There are two fTundamental difficuliies cssociated with Tield caso with vhich

all practical methods of paraneter csuviiation must succes

@]

flly cone; (1)
the date usuelly arises fron fortuitous systen ciiercise as onposeld o e
careful planning associoted with controlled e:perirents, and (2) <the judg-
nents made regarding the true state of the ccuimient are not nece

complete, accurate, or timely.

The first difficulty is frequently & virtue in disguicc; the irresulority
of the schedule of systen eitercises iy e uvilized to obdialn o senoration

of the time dependent systein paraneters frowm those whien are vime invariant.

Indeed, & variation in the fime between exercises is absolutely essentiel,

although & planned veariction wrould yield better paraneter estvimates with less
data.

The second difficulty is swrmountable only in a limited sense. ILoci of

coverage may be corpensated for by means of a tear dovn lailwre analysis

Progrorl.

Mistakenjudgments may bece:mlicitly accounted Tor and estindied in o aonner

to be illustreted later. coil of systanl eierciie nay ve circuavented Ty

)

recycle of ficld equinient to o Bhse depob for specicl test on o scheduled
basis.

On the other haond, failure to renort, erroncous cacries, inconsistent inter-

S Y

nrewttlons ¢f eveats, ana nisintorsresavion ¢l codes, nrocodures, ¢ ol re-

.

culre direct occvion.

In the light of the cbove corrients, the bLasis of the porameter cstination

riethoas to be developed here nay ve swuierized as follos
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7.2.2 Time Line Scquence of the Basic Periodic laintenance Policy

Figure 8 illustrates a typical sequence of information as described by
field dota. The equivnient is assigned to standby for a time duration TS
(uhich ey vory widely betireen successive assignments), at the end of vhich

it ensers ciheclout. During the chechoubt the equipment is "tested" and

passed. or rejected. The set up, warnpw, and test perlormance take a vine

2. [ .

. -~ iy o, A 2
che sysccil 1o "o’ and a tire

=]

Al

3]

c1 Cl' if the system is "no-go'. These
tines are notv neceosarily equal noxr constant from test to test. Demating,
cleonun, cte., vaiie o tiue Tc2 Tor a "go" test. This time may also be
voricble from test to test. 4 '"no-go" leads to & repair time Tr which is
deiined os cormiencing at the first "no-go' indication and continuing until

21l necessary repairs and recheciis are corpleted.

T.2.3 The Concent of a Test

Tae point of view adopted here requires that the nature of a test be care-

Tully delineated. Specifically, the test will have four basic properties.

Mrss, it vill “pass® or "reject” an equivment at & specific point in tinme.

Thot is, it is assumed that the test decision occurs at a well delfihed

point in time. Second, it will on occasion "Talse alarm” a nonfailed
characteristic of the equipnment; 1i.e., it will call a good system bad.
Third, the test vill sometimes poss o failed characteristic. That is, it
1ill no% alwnys reject a failure vhich it presumably is designed to detect.
A test vhich does this too frequently is one of poor "quality". The quality
of a test ve shall define as the probability of detecting a failed system,
given that the systen is failed on or before the time that the point of test
decision is reached. The fourth and lest property of a test is "coverage”.
By covercge we shall mean that not all the possible equipment functional
characteristics are cianined by the test. It is assumed that the failure
of such'a characteristic cannot cause the test to reject the equipment, since
its effect on the cquiprient is indeterminate from the test. However, we
shall further assune that all equivpments vhich have failed in this manner
1rill be eventuclly relected by either a false alarm or by the detection of

o Tailure of an observed characteristic of the equipnent.
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These concepts may be readily formalized as follows. Assume that at the
point of test decision the test acts instantaneously to partition failed
equipments from nenfailed equipments as indicated by the partition of
‘Figure 15. Consider the action of the test at this point in time on a total
of N = Nl + N‘,2 + N3 + Nh + N5 + N6 equipments all of one kind. (Alternatively,
one equipment msy be tested W <+times in succescion and may be either good

or bad at each test.) ILet Ny + N, be the true nmumber of nonfailed equip-
ments. Let N3 + Hh equipments have one or more failures ihich are inherently
detectable; +that is, they contain failures among the essential character-
istics which are examined by the tect, but they will not necessarily all be
detected because of "noise" or hecause some of the failures may be marginal.

In addition let there be NS + Ng equipments which contain no failures anong

the characteristics which the test examines, but which do contain one or nore
failures among the characteristics which are not eramined. e may now make

the following definitions if the total mumber of equipments being e:amined is
very large

. Nl + 1'12
Plest, + T, 1 2 —z—= = pwobability of no failures of
1 any iné ot ot = %, + Tc o
Y @ 5 B
1=1
Mgy
PlB d;tl_ + 'J‘.‘c ] = —z—— = procchility of one or movc
: 1 o feilures of the "deieztoble
y it in princinle” Yimec a2t t =
La i &5 -—'r . = .
i=1 L Ty
. ITS + 1?6
PEBu;t,_ -0 1= ——— = probability of one or more
- 1 failures that are "inherently
y I?i undctectable” at t = tl_ + Tc c
121 ) 1
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These nartitions of the true facts concerning the states of the equipments

at the iasiont of test decision are shown in the left hend voxes of Figure 15,
The righat hond vores of Figure 15 show the partition of the equipments which

result as o ccnsequence of test decisions. If « 1is the probability of -

caliing ary nonfailed characteristic tad, given that it is eamined by the

test, then e wmoy write

o = T = false clarm: probability
PR
1 2
aua 136
ot 2 = — = false zlorm probability
i

There is no physical reeason to presunie that « # o', hence, we shall write
vithout further Jjustilication

Ve Turther deiine o poraneter 5

I,

. 1 b 4
g + l.l;
b

probabiiity of catching an
"inherently detectable" failure.

llotice that the question of test coverage has been accounted for in the

above by introducing the notion of an “inherently undetectable failure."

T.2.4 The Probability of Passing a Test

Wle are now in a position to rigorously define the probability of passing a

P a = The probability that the inherently detectable equinment character-
4 istics are good at the beginning of the stendoy period.

P a = The probability +thet the inherently detectable equipment character-
s istics survive the standby period; given thev they were unfailed

at the time of assipnment to standvy.
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Pd = The probability that the inherently detectcble eguipnent character-
istics survive checlzout up ©o the moint ol test decision; given

l s s 2 o
that they are nonfailed at entrance to checl:ovt,

Pu = The probebility that the inherently undetectable equimnent character-
g istics are good at the beginning of the standoby period.

Pu = The probability that the inherently undetectoble equinment character-
s istics survive the standby period; given that they were nonfailed

at the time of assignment to steandbLy.

Pu = The probability that the inherently undetectable equinment character-
cl istics survive checliout up to the noint of test decision; {iven

that they were nonfailed ot entiance o checiout,

The probability that the equipment will be nonfailed at the point of test

decislon is,

a d Pd .?u_ Pu Pu (87)

The probability that the equipment will be failed undetectably at the noint
of test decision is,

P, P, Py (L-B P B ) (86)

The proability that the equipment will be [failed detectably at the noint ol
test decision is,

1 - Pd Pd Pd (89)

The probebility of passing the test P[P] is, in general,

P[P] = (probebility of being good at point of test decision) =
(probability of no false alarm) + (probability of being
failed undetectably at thco-point of test decision) x
(provability of no Talse alarm) + (probability of being
failed detectably at the point of test decision) x
(probability cf not catching the inherently detectable
failure)
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< gy

(L -a-~5 (90}

T.2.5 lessdimuws Liltelihood Bstimate of the Probeoeoility of Possing o Test

Let it be supnosed that sre have I
. the dvration of standby
. the results of the subsequent cicciout”
The c:pected nwber {s) of these rouoris

given by

- e
s = lip.pP]
¢
= 117 T e, P2 (1 -
& ¢ &,
; 55 B
1S 5 i ooue nf test cueceuse
N
masdimer lilzelihood estinote PP, ol £.20

- e ~
S = .. PI.PJ
L= S
PPy = =
ad

Unfortunately this cstiiimte does no
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7.2.6 Use of Varicble Standby Duration as a leans of Varisble Separation

The probabilities of Equation (90) may be separated if control can be ex-
erted over some Tfactor upon wﬁich the probabilities are dependent. A
likely candidate is the duwration of standby. If the failure distribution
in standby is exponential, then

-A Ts

a
s

Pd = e (93)

and if TS is wvariable, then .\ds moy be estimated. Tor eixample, suppose
that the {ield datc can be subdivided into tinree groups for each of which
Ts is constant but unequol between groups. Specifically, if the various
values of Ts are T, 2T, and 3T, and if there are M.L’ MQ’ and M

3
reports in each pgroup, then;

) g T

T = b+e P, Py (1-a-8) (9%)
b 8y ¢

s, ')‘ds‘?l"

T = bte P Py (L-w-38) (95)
2 g2 c1

. ~hg 3T

@ Bte ° Py Py (L-w-p) (%)
3 By

vaere Sy Sn and s3 are the number of successful tests in each group and

vhere P(1 = P a = P a if there is no regularity in the succession
&y 8o £§3

of T, 2T, end 3T on any given equipment. Egquations (94), (95), and (96)

moy be readily comvined to give;
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L

s s .

R i, T

At a

2 = = e = L (97)
2 73 Py (7] .

N, T W 5

provided that Kd s 5117 Sp and s. are not equal to zero.
o .

So that, Step 1

e
LH‘ b¢
A by | 2
Y, = F 0 (98)
dS L -s-g j -s-§
M2 M3
and Step 2
5 s
Fg - FE Ps .
b (99)
:L-Pd H
s
and Step 3
c £ p ® (l - =-3) = ( ﬂi - 2) 3’ (100)
a a . Id / 3
e Cl 1 P,

[&]

Thus, three different values of T_ in the ratios 1, 2, 3 allows a unique
separation of the standby failure rate and thc Type II statistical error of

the test and a certain composite parameter. 1o further separation can be
achieved by variation of the standby duration. The method just considered
is, of course, hopelessly optimistic. It is too mmich ton e:pect the nice
neat ratios T, 2T, and 3T for Ts. The method must be generalized. This

can be done. Let N, be the number of test failures out of 1ii, attempts

i i
where TS = Ti' Then it is reasonable to search for a value of Rd
S

vhich will minimize
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\ - . f 3 5 F 2
G = T, -in el -p, T dr P (Lea-2)r )¢ (201)
: = I ¢ T e Ay =
pilz=u = 1
Thev is, ‘e seell that value of hd which nminimizes the sun of the squares
S L
ol the dillercnces betieen the obsGrved muiber of test failures and the pre-

dicted nwiser of test lailures.

The mathenatlical wnroolen is to minimize the function G, regarded as a

Twnesion ol L, ld s and the cormosite parameter Pd Pd (L ~-o-8) ) t
. 9 o S . c r
subicct o the con8troints 1 °©

0 < Py Py (L-2-8) <1 (102)

e

A specifice sotisfactory approach to the solution of this problem is to keep
the partial derivatives of G equal to zero and test the function values
.of G Tor a ninimm vhile increasing kds from zero. It shouwld be noted
hovever, that at least three different values of the Ti are required,

but they mey be in any ratio one to another.

T.2.7 Use of Dack to Back Checkouts in Effecting Separation of the Variables

Additional separation of the system poraneters may be accorplished if a
sequence of back to bvaclk checlcuts is performed without regard for the in-
termediate test results. Consider, Jor example, the situation depicted in

Pigure 14,

I
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2

|
|
t —» 1 2

FIGURE 16. A SEQUENCE OF TWO-BACK-TO-BACK CHECKOUTS
OUT OF STANDBY WITHOUT REGARD FOR THE
FIRST TEST RESULTS

The probability of passing the first checliout is given bLy;

=
"
Ty
o]
HdJ
e}

a Fa Eg (1 ~a=0) (103)
1

(5
o

I the test results of this checliout cre ignored (but noted) and the equin-
ment is immediately retested, the nrobability ol passing the second checl.out

is glven voy;

2 : 2 Y
- = B+ Py By P, Py (L ~2o =) (104)
g S cl CE

If we now utilize the estimate of 5 obtained fron Equation (99), +then we

have Step 4 .

>
A9\
)
>

-

x = u& P P = P = — (105)

o
o
m

'_l

no
[¢]

]

(<3}

—
-

It should be carefully noted that Tc and P

a are essumed to e a
‘s . 2 c
necessary preliminar ysical fact of 2 retest.
T P
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Iow consider ZFirawe 17 which illustrates the osituation of three checliouts

baci to vack without remord Jor the intermediate tegst resulis.

jo— —- Tg e P T, —¥¢-T pe-T —¥a T, — e T, —»eT, —N’—Ts—’\,

t—> 1 2 3

FIGURE 17. A SEQUENCE OF THREE CHECKOUTS BACK-TO-BACK
WITHOUT REGARD FOR THE INTERMEDIATE TEST
RESULTS

The probakility of passing the first test is given by

= = o + P, B, P, 2. (L-a-13) (107)
B S cl c2
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lm
and [BV)
]
hov]
p.

[
Pou.

The provability of passing the i

given by

X .
g = @-5)
) B P(l('.- Pd(-

vhere Il

which pass the first and fail the second attenpt.
(107), and (108) we have Step 5.

g ! 2 -

2a Pdﬂ (L - =) (103)
5% %

Lirst test and Tailing the second test is
. L 3
L)(.'.” ‘L’:.’_ ;’d (l - I - ) N

(109)
EPd (L-c) (1 -o=3)
€2

is the number of such successive

atte:pts and K 1s thie nuwber

Coabinin;; Squetions (105,

0
73]

2 =3
- " _ oo T T
¥y = Pﬁ P = P(l = 5 5 (110)
cl 02 o] __]: - _g
I 1
and an alternative te Sten 2.
b T
- 1 11 1
(- —
B = = S . (1)
R o) 2,3
11 3 il
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and an alternative to Step 3.

% (. 8y
* = [P, P, P (L -a-35)] = L (112)
o.ﬁ O's dcl sl . 32 ) s3
T o 1L

Combining these estimates with Equation (109) yields an estimate of ¢,

Step 5.

1~ ~ ~ ~
- Eo-5@+2
X Pd
Cc
Also note that,
r : - 114
Po Fa Fa 1 o —E—x (114)
3 5t G-
X l-w%-3

If the three checiouts are conducted irmedictely lfollowing repair then

Py P, is replaced with (ul + u3) so that

> E(U‘l v L"3) Pd (l - - 3)] (115)
]
1
ana
r g 1‘ e r 1" e A _Il
Pa Pq Pq o > lug v ugy By By (115)
& s ¢y s e

a = rP, (117)
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there r has © novm or &sswied value then Step o
b
— i ———

A

.

L(ul - ws) Py Pd ] : :

- s ¢y
Uy b, = —x (118)
& - rP, P :
a a
c s
or R
[Pd" P Pdc I
& £ 5
P. e = (119)
g bl Pd Pd
c 5

T.2.0 ‘The Role of Failure .nelysis

Svaluation of v, P Pu and ku requires a limited amouni of 'comlete
s ¢
PO .

Tailure onalysis" of field rejected items. This iust be accomplished in

)
o

conjwiction with eimmination of the procedures used to accorplish field

ct

esting. 3y "cormlete failure enelysis” it is meant that field rejected
itens are o be eixaiined for every Tuactioncl characteristic that is con-
sidered to tve essential for proper oneration of the equipment. In general,
of course, one or wmore of the elamined cnaracteristics will indeed be
Tailed., To deternine viether any given failed choracteristic falls in the
"inherently undetecicble' category it is necessory to answer a specific
question: II this characteristic failed in the field, vould field testing
aiscover the failure? A negative answver implies thot the failure is in-

EE!

herently undetectavle in the Tield.

To quantify test coverage, vhich is & function of W Xu’ and Pu Pu

a* s RN . q S o]

two items ol infornation are required:

. The nuiber of meintenance cycles from previous replacement/repair to
the current rejection.

. Fallure analysis of the rejected item to determine the exiistence or
non-existence of irherently undetectable failures. (lultiple foilures

of this type in a rejected item are counted as a single feilure).
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The specific dota to be collectied is as follows:
. The nuwoer (i) ol itens rejected from the Tield on the Xth checkout
subsequent to repair.
. The nwiber (r) of the ! rejected items which have cn inkerently un-

detectable failure.

In genercl, if the counts Tor the Ith checiiout are denoted by Il (k] end
r [k} and the counts for the jth checlout are denoted by 3] end

r [§], then;

p p = [k b } (120)

For exarmle, if we have information on iteins rejected after one (j=1; and

two (k=2) meintencnce cycles, then we hove Sten O.

e - P - itte] - rfe] ISR (121)
s Y 1 L2l 1] - r 017
~ < 1 1
Ny — Ts P TC z In - AP : (122)
t uh uc

if inforiation is availavle Jor several i and j, an average nay ce talien

she mosiinw lilielikood value Tor the entire set of &k

(N

of <tac PU e Pu or

[¢]

~

may e used,
A conservative (pessinistic) estimate of the probebility of leaoving repair

with an inherently undetecteble failure (p,) is also readily found. Ve
]

have, Sten 9.
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By = {('U‘l Tl o= g (12k)

. 0 . ~
TeZe Sstination of P
fo 9 ) CD“‘ -]

Actuel lawnch ottermts are not lilely to be initiated from operational sites

Tor & variety of reasons. Therefore, a secondary source of data must be
used. Sinulated countdowns in the field may be used as this source, the

= -

Gate being processed in accordance with Step 5 of the previous section.

Hoviever, 1t rmust be recognized that the estimate obtained in this way must

be corrected by data on pyrotecunics end the engzines,

T.2.10 Estimation of PL[t/L]

The provobility of completing a launch in time € or less; given that 1t

is commleted successfully may be determined directly from field data.

Order the @i observed durations <%. of successful attempts in increasing

-t
order,
t < t < t < ] . ] < -E\-I
Ly Lo Ls By
\ . i - . Y . 1h1-1]
Asgsociate with each t;, an emmirical provability nwber T Plot

a2 - . i
the nwileer pairs

{: 13 )

‘I, 2 Al
1

This

'

on ciyy convenient type ol graph naner.

o]

lot is the empirical proba-

pility thot o successiul lounch ovcermt will wolie o tine + or greater




to complete. One minus the plet is the empirical probeability that Lt il
talic a tine +© or less to complete a launch; given that it is corpleted

successiully.

7.3 Surmary of Dstimates in Terms of Test Hebthodology

Table III summarizes the conditions of test and the parameters vhich may be
estimated Trom the tests. It should be noted that there is a considerable
degree of useful cverlap petween the various tests. It should also be noted
that Pd and Pd are not ceparable by any o the test methodologles

1 2

considered.

158




°p
d
1 = == amsge *
Ta

P,
x v:oxunmu Q 2
[
MR-
sysATeouw amyyey

sysftuue aanTivy *

ayedaa
133y AT23vypammy
o/> youq 03 WUQ g *

xyedax 03 Arjus
-3X 03 897940 Jo 1aq
-nu 5y quesazzre 2

Jyedax
x 39379 ATauypaumy
of> xowq 03 weq £

Jyedax
29w ATa3eTpammy
of> youq 07 youq € °

aredax x93J9 o/> 3sayg
uc 3893 % 207 onrea T *

ayedax J9Jv
o/a 38§13 Uo synesa

1893 I JUAIIIITP € °

B ¢ h¢ T 8 )¢ 5 8
€1 20 Ta BB E0Tq 0Py Ry (8-0-1) PPa% (go-1) Palw } Pu

TILVWILST 39 AVIW LVHL SHILANVIVA

£lotopowa | asay’

“III ITHV.L

159




o $ YT I S AT T
C.0 10wl ZNIENCTnN

0.1 ianeriesl Lveluction

I+ is asswaed thot those steps upon i ch we hove touched only briefly (1.0
throuzh 7.0) have been successfully completed. e are at this point in .
possession of esiimates of all system poreneters and are ready to elercise
the model.
8.1.1 List of Parameter Velues
It is asswned that tasks 1.0 throuzh 7.0 have been accoumlished srith the
»esults licsted in Table IV. These are initicl Dest estimoctes for the sysven.
g8.1.2 .weilability
-»
3.1.2.1 Steady State Values
Table V lists the results of the availebiliiy nicdel exercise by subsystemn v
(ard by systen) for the initicl best estimctes tabulated in Teble IV. It
should te noted thut the Lrue availability is considerably less than the
apparent cvoLloloiiihoe e oveiloniliity vector, Loood on Shke Wrte avelilolilid:s
D ——
is given by;
P
{52070
1.39 x 10
1.59 2 10 3
. .=2
1.05%2 x 10
A _2
CLh.b9 x 10
s [=] = (125)
.1278
242
X .210
L .067 i
-
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TABLE IV. PA

MISCELLANEQUS SYSTEM PARAMETERS

* WARHEAD YIELD

Rue

=1

*UNITS ARE DAYS, PER DAY, AND PROBABILITY

AVA|LABL
SUBSYSTEM
a B H ) Hy W rc] Uy
A - - 0.99 —_ - — — |
8 0.1 0.0 0.9 0. 0 0.333 G.04 0.04 6
d 0.05 0.0 0.99 0.005 0.005 0.1 0.05 0.1
D 0.0 0.01 0.985 0.0} 0.005 3 0.05 0.1
£ 0 0 1.0 0 0 10 0.1 0.2
F 0.0 0 1.0 0 0 1 0.5 0.05
G 0.002 = 1* B 0 - - -
H 0.1 -— [l 0 0 -— — -_—
C =0.1 £0.3
{ coer ) E AS INDIVIDUAL SUBSYSTEMS D=0.1F=0.6 0.6




TABLE IV. PARAMETER VALUES "

AVAILABILITY

COUNTROWN FLIGHT
0 P
rc] T‘ (Tc) Dc2 )‘ds )‘c )‘us ,)‘u e )‘d T, )‘CD L ”C 9 Ty Af
]
el 4
- 1 - - 9.13 % 10 —_ - — - 364 | 1o
3 0.04 0.04 |6.94%x 1073 1 0.02 9.2 B - - 10 0.125
0.05 0.1 — 0.9 0.02 0.2 0.002 = —_— b 0.125
0.05 0.1 — 1.0 0.005 0.05 0.0005 = == - 0.125 3 0.125
)
SEE A, o
0.1 0.2 - 1.0 0.0005 0.0005 0 - - - S |oazs
e.5 0.05 = 1.0 0.002 0.02 0 - - - - A
= _ - - - — 0 2% 0.02 — ==
- = —_ — - — 0.01 24 0.2 et -
C=0.1E0.3 |
—p|D =0t F=0.6 0.6 bl SAME AS INDIVIDUAL - - 30 -
SUBSYSTEMS

161




TABLE V. AVAILABILITY CF THE SYSTEM BY
SUBSYSTEM, et al.

Subsystem A l[co] Au[ =] T (aays)
TCTO 0.9 (8k) 0.984 -

G 0.5 {78) 0.978 -

B 0.8 (50) 0.991 10

A 0.8 (41) 0.997 3064

H 0.7 (40) 0. 771 -

<CDEF> 0.5 (11) 0.962 30

Ve e n emaqe e T e E A G dbap
bu' SUCL. STTUe GVOLACO ALY

A_let = 0.2 (50)

(3]

Systen apparent aveilability A (7 = 0.7 (05)

S

0.1.2.2 aAugmented Avallobility

Tamerical inte;zration ol Equatvion (32) provides a curve of augnented

0 3 . . [ad
conorens availebility PoLT).
2= u

1hen %this curve is rmuliinlied by the factors indicated in Equation L
& )

the %rue amwensed aveilability is obtained. These two curves are showm

in Figure 18. It will be noted that the alert status is not markedly

- - I3 3 -~
izmroved by the change in policy (AS (=]

P | L]
Al v = .3 ).

S

DIy

ot

-1 2

)

;
¢
| 1 day)
|
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6.1.3 Countdown Reliability

We shall demonstrate the technique of countdown reliability prediction for
-the re~entry vehicle only. All other subsystems are handled in an unslogous
menner. Referring to Figure 6 we have;

4 »
3-8 x 10 | -1.6 x lO-O(t—h)) .

-

R(t)

U(t) - U(t-4) (L - e

f—

»

-1 v 10°0
U(t) - Ult-5) (L - S15 = 10 (t-6)) .
- (126)

% flu(t) - U(t-6.5) (1 - e-10‘°(t-6.5))}

’ v B ,
x{LU(t) - U(t-7.5) (1 - e"20 ® 10 (t'7'5))2!

Where t is in secocnds.

From the weapon system summary, the density distribution of the dwration of
countdowvn is given by,

p(tgp) = L o9 y(eog)

(1275

']I:, twenty minutes
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<

Then,

(o2

R(top) = J“O p(tyy) Rltgy) @ty = 0.9(53) (12}

[
£
Ca

~

Similorly, under the assumption that checkout failure rates hold for count-
doim, we have the results shown in Table “I. The figures shown are best
estimates. The last two digits are not consider=ad to be significant but

are retained to reduce round of T errors in calculating the net countdown
reliability. Assuning subsystem independence;
H

Pyl =111!x chi = 0.9(kk) (129)

TABLE VI. SUMMARY OF COUNTDOWN RELIABILITY
PREDICTION BY SUBSYSTEM

Subsystem i
Designator Subsystem Countdown Reliability (R,,D_)

‘A 0.95(300)

B . 0.99(720)

c 0.99(720)

D 0.99(935)

E 1.00(0000)"

F 0.99(975)

G 0.99(975)

H 0.99(720)

G.).: Flight Reliability

As 8 result of ground tests conducted under flight similar conditions of
vibration and temperature, it is estimated that the flight stresses exceed

165



|

normal checkout stresses by a factor of three, except for structure and pro-
pulsion which are markedly greater. Performing calculations similar to those
illustrated for the re-entry vehicle in countdown we have the results tabu-

lated in Table VII. .issuning subsystem independence,

E
o= 1 R = 0.7 (8) (130)

TABLE VII. SUMMARY OF FLIGHT RELIABILITY
PREDICTION BY SUBSYSTEM

Subsysten Subsystem Flight 4
Designator Reliability (P.”)
A - 0.9 (20)

B 0.9 (52)

c 0.9 (71)

D 0.9 (89)

E 0.9 (32)

U.Ll.5 Dependavility liatri:

The couponents of the dependability matri: are given vy,

10-1 _10- -1
4, = Clooy K J (1-r)-1; 1=1,2...,103>1210
(131)

where for the specified reaction time of two and one half hours we have;

R = PCD[m] P, 0.9 {44) =©.7 (84)

0.7 (40) (132)
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For shorter time periods and permitting only one cocntdown attempt,

(=9

R(t) = 0.7ho (l-e- 0 u[t=9] (152)

,

This function is plotted in Figure 19a,

If two countdown attempts are permitted, and if the site survives enemy
counter measures, then the probability of launch is given by,

p -3.18(7 _-.15) -.125(7 -.15) |
P[] = to.sah - .23h e g -.290 e ¢ :
‘ -.125(7 -.3) -3.18(r-.3)
x Ulr -.15] +,0.43h - 453 e S - .13l e (13%)
~3(7,=.3) -3.18(7-.3);
+ .189 e - .030(7,-.3) e ' Ulr -.3]

“

"Mis function is plotted in-Figure 19b.

It should be carefully noted that it has been necessary to combine countdown
with the readiness vector in order to perform this computation. Since this
violates the original intent of this memorandum, Equation (13%) --ilil not be
used.,
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8.1.5 Capebility

best estimate of the standara deviation of miss distance is one mile,
The lethal redius for the targets under consideration is also one nile,
and o unity doesege functlon is considered to be a reasonable approximation

to the veapon eflects. Therefore, the per unit probability of kill is
i 2 I I )

-?L2/252
P, = l-c (136)
= 1 - e"5 = 0,39
Ilence, the capability vector is from Bguation (78)
2.33%0
2.1690
2.0205
1.8263
T = 1.6043 (137)
1.3522
1.0679
0.7492
0.3940
0.0000
b et
8.1.7 E:pected Kill (E)
The e:pected ill is given by,
z = a' D] C (138)

vhere A is defined by Equation (125), [D] is defined by Equation (135)

and C is defined by (137). Performing the indicated multiplication,

E = 0.352 (139)
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There is, therefore, less than a fifty-fifty chance of destroying one of the
three targets on which the squadron of nine ICBM's is targeted.
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III. APPLICATION OF LODEL, RISULTS

1.0 COLARNTIVE SISTIS AIATYSIS

1.1 Comarison of Sest Lotiuave with 5.0.R. :

ohle VIIT licke the gyston estinotes obtained from the model. Yoble IX

mives tie ooporvlonient ol rooadiness and reliobility from the S.0.R.

1.3 Countdoun Reliability Ranled by Subsysten

Teble XX lists the countdown reliabili ':/ the subsystems in order of in-

creazing relichility.

L. Aveilenility Renked by Subsysten

thae cuherotens in inereasing oraer.

TABLE VIII. SOR REQUIREMENTS AND MODEL OUTPUTS

SOR Requirements todel
Min. Accept. Obj. Value vput

s~ 0.5 0.9 0.260

Paramecter

Pop 0.8 0.95 0.9 (4k%)
P 0.7 0.9 0.7 (84)

k 0.8 0.9 ~ 0.39k




TABLE IX. SUBSYSTEM APPORTIONMENT AGAINST SOR

Equal
Parameter . SOR Partition

Avedleliiiyy Min, | .5 0.9259
(9 subsystems) 0bj. .9 0.988k
Countdown
Relisvility Min. .8 0.9657
(9 subsystems) Obj. .95 0.9943
Flight
Reliability Min. T 0.9312
(5 subsystems) Obj. .9 0.9791

TABLE X. FLIGHT RELIABILITY BY SUBSYSTEM

P i
Subsystem T
Re-entry Vehicle 0.9(20)
Structure 0.9(32)
Guidance 0.9(52)
Autopilot 0.9(71)
Propulsion 0.9(89)
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TABLE XI. COUNTDOWN RELIABILITY
BY SUBSYSTEM

p
Subsystem PCD—

Re-entry Vehicle 0.95(300)
Guidance 0.99(720)
Autopilot 0.99(720)
Power generation and

distribution 0.99(720)
Propulsion 0.99(935)
Air conditioning 0.99(975)
Overhead door 0.99(975)
Structure 1.0000"

2.0 Parcuever Jerxiotion Scudy on JSavedllooilisy

Exenination of the availebility vector, Equation (125), the capability
vector (137) and Tebles VIII, IX, X, and XI leads to the conclusion that
system avnilability and per unit probability of kill are wesk as compared
to system reliability. Accordihgly, wve institute a parameter variation
cnalysis of these two factors in order to essess the potentiel for system
irprovenent. Ve shall only perform & limlted investigation here, stressing
the irmortonce of the proper checkout periodicity for evailability and the
etvect of guidonce accurecy on unit kill probability.

2.1 Subsyster Availability

2.1.1 Subsysien A

Maure 20 illustrates hov the availability of the re-entry vehicle varies es

a Tunction ol the replacement cycle length TA. A substentiol gain in
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FIGURE 20.
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AVAILABILITY CF RE-ENTRY VEHICLE AS A
FUNCTION OF THE REPLACEMENT INTERVAL
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con be achieved by recyele of the re~entry vehicle every forty

to Tiltr Qoys oo cnposed to the nlonned recycle of one year.

N ~

2.1.2 DBubg,oien B

Tigure 21 illustrates the varicition of puidance availability as a function
‘e
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